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Abstract 
Photoconductive Frequency Resolved Spectroscopy (PCFRS) is used in this work to 
measure excess carrier lifetime distributions and carrier recombination kinetics in device 
grade silicon subjected to hydrogen- and helium- implantation to achieve proximity 
gettering of heavy metal impurities. The excess carrier lifetime is an important parameter 
in determining the quality of a semiconductor system as well as being of direct relevance 
to device performance, since it can provide information on the electrical activity of defects 
present in the material. The PCFRS technique is found to be a valuable technique for 
revealing the underlying complexity of the excess carrier lifetime distributions found even 
in commercial device grade silicon substrates, while other more conventional techniques 
have proved unsuitable. 
The PCFRS measurements were the main experiments performed on semiconductor 
substrate materials formed by hydrogen- and helium- implantation into silicon which are 
produced at the University of Surrey. The main aims of the experiments on these samples 
are to identify defects created in the samples, and to study the effects of H+ and He+ as 
well as the influence of thermal processing upon the quality of these materials. 
PCFRS investigations of the lifetime distribution at high temperatures are developed 
through the use of a sample holder designed and implemented for high temperature 
measurements (up to 450K) to demonstrate how temperature-dependent PCFRS can be 
used to obtain the activation energy of the trapping centers. Our PCFRS results reveal that 
the presence of lattice defects due to H+ and He+ ion implantation and annealing has 
achieved significant gettering of the electrically active impurities in the starting material. 
The activation energy of the dominant traps in these materials have been obtained from 
Arrhenius plots of the lifetime distributions. 
A model is developed to describe the carrier recombination kinetics as a function of 
temperature. 
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Chapter 1 - Introduction and Background 
1.1- INTRODUCTION 
In this thesis following this introduction and background we will begin in chapter 2 
by outlining the development of hydrogen-implanted and helium-implanted silicon, since 
Sah et al. [1][2] and Pankove et al. [3][4][5] in 1983 performed studies on silicon and 
found that hydrogen in silicon has the ability to passivate both deep and shallow levels. 
Also Elliman et al. [6] in 1983 have reported the formation of helium bubbles in silicon. 
We will also review the evolution of the phase shift method as a tool for determining 
the lifetime distribution of a semiconductor. In chapter 3 we review some topics about 
photoconductivity, carrier recombination and PCFRS, which will be relevant to the 
discussions presented in the following chapters. We present also in chapter 3 an analysis 
for Auger recombination lifetime using the PCFRS theory. The theory of the PCFRS 
technique presented in this chapter is based on the work of Depinna and Dunstan [7] and 
was deduced for an ideal material where no trapping centres are present. In chapter 4 we 
describe the experimental details and in chapter 5 the experimental results. In chapter 6 we 
discuss the experimental results based upon the theory developed in chapter 3. Finally, in 
chapter 7, we present our conclusions and suggestions for future work. 
Both hydrogen- and helium- implants into silicon are of great technological and 
scientific interest and have been demonstrated to be a powerful tool for gettering transition 
metals [8][9]. Their interactions with defects [10] and dopants [1][3-5][11] cause strong 
changes in the electrical and optical properties of crystalline silicon. 
The presence of metal contaminants in processed silicon wafers have a detrimental 
affect upon device yields [12], therefore gettering treatments are the norm in VLSI 
processing. A promising technique is proximity gettering where the gettering sites are in 
close proximity to the active volume from which the impurities must be removed. 
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Process and device optimization is expected to lead to further circuit improvements, 
such as the switching properties of power devices[13-16], Detailed knowledge of the 
electrical characteristics of the processed H+ implanted and He+ implanted silicon are 
essential to these optimization processes. 
The specific aims of this research project mto verify the proximity gettering process 
from changes in the lifetime ('te) distribution of excess carriers using photoconductive 
frequency resolved spectroscopy (PCFRS) which allows measurement of the lifetime 
distribution and to identify the properties of defects created by H+ implantation and He+ 
implantation into silicon and thermal processing in order to qualify the quality of the 
materials. 
1.2- BACKGROUND 
Interest in H+-implantation and He+-implantation into silicon has been generated 
from recent studies of the properties of the voids it creates [17][ 18]. 
The implantation of some gases into crystalline silicon can lead to gas-filled cavities 
in the implanted region. This creates large area of very clean inner surfaces. In particular, 
void formation by high dose H+ or He+ implantation/annealing has been demonstrated to 
be a powerful tool for gettering transition metals [9][17]. Gettering can be achieved close 
to the active area of devices locally reducing the impurity concentration and improving the 
performance of the semiconductor devices. 
It is essential to evaluate the quality of a semiconductor by a quick, and reliable 
technique prior to device processing. The electro-optical technique has become very 
attractive, as it provides measurement of an important parameter, the excess carrier 
lifetime. Since it can give account of the electrical characteristics of the Si overlayer in the 
structure and provide information on the distribution of defects present in the material. 
Defects and impurity levels can affect the lifetime directly by providing an alternative 
recombination path or may modify the lifetime by acting as a trapping centre. The lifetime 
distribution of a semiconductor can therefore provide a sensitive measure of the material 
quality and the presence of defects. 
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The electro-optical techniques used in measuring the sample response to an optical 
excitation such as Photoconductivity (PC) and photoluminescence (PL) are suitable 
techniques for gathering information on the non equilibrium carrier lifetime. The 
photoconductivity measurement is chosen by us rather than photoluminescence, for several 
reasons. It requires relatively low light excitation intensities [19] and it is more sensitive 
since the sample acts as the detector. Also silicon is an indirect band gap semiconductor 
and so also has poor luminescence. In contrast with PL, photoconductivity can give more 
direct information on nonradiative as well as radiative recombination. Also it is a low cost 
technique since a light emitting diode can be used as a source of light instead of the high 
powered lasers required for PL measurements. 
Measurements of lifetime have been made by different methods that can be classified 
according to whether the measurement is made in the time domain (recording a decay 
curve) or in the frequency domain (using a phase shift between the modulated excitation 
and emission to deduce the lifetime) [7]. These methods have been referred to as Time 
Resolved Spectroscopy (TRS) and Frequency Resolved Spectroscopy (FRS), respectively, 
their principles are sometimes assumed equivalent. However, Depinna and Dunstan [7] 
showed that in many cases data obtained by TRS can be misinterpreted whilst FRS avoid 
these problems which are inherent to TRS. They illustrated the fundamental differences 
between the experimental techniques which are used for frequency resolved and for time 
resolved spectroscopy (FRS and TRS). We describe briefly the TRS and FRS methods and 
the associated problems with TRS. 
The sample in a TRS experiment is excited by a rectangular light pulse and the 
photoresponse is sampled during a narrow gate set at some time td after the pulse (Figure 
1.1). In principle, a single excitation pulse is used and the decay curve can only be 
obtained from a series of such experiments, each one with a different td [7]. In frequency 
resolved spectroscopy the sample is continuously excited by a modulated signal and a 
steady-state carrier density is set up. The lifetime can be deduced from the phase shift <I> 
between the continuous wave excitation and the sample response. An important difference 
between TRS and FRS is that in TRS the carrier density is continually varying, whereas in 
FRS the sample is continuously excited and a steady-state carrier density is established. 
However, two particular problems arise in applying TRS. Firstly, in material 
showing a wide range o( lifetimes, the generated carriers due to one pulse may not decay 
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completely before the next pulse. Then, the decay may not be a function of the carriers 
created during the pulse but of the population of accumulated carriers [20]. 
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Figure 1.1 - Principle of the TRS technique for lifetime measurements [21]. 
Increasing the pulse repetition period, to' can solve this problem, but material 
showing long lifetime components may require such a long value of to that it may not be 
practical to perform the experiment. For example, at low carrier densities, for an electron 
and a hole trapped at a separation, s, the lifetime can be written as [7] 
't (s) = K exp (Bs) (1.1) 
where K and B are quantities not dependent on s. As the average electron-hole separation s 
increases during the decay [7], the lifetime tends to infinity, therefore, despite the value of 
the pulse repetition interval to' there will always exist excited states with long lifetimes. 
These problems do not occur significance in FRS, since in this case a steady-state density 
is established. 
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Tsang and Street [22] pointed out another problem related to TRS and also noted by 
Depinna and Dunstan [7]. The decay curve for the luminescence intensity in some systems 
may be described by [7] 
1ft) = lor] (1.2) 
If the simple exponential decay is assumed as is common, then the apparent 
photoluminescence PL lifetime 't(O will be always equal to the gate delay, since 
't(t) = -dt/ d(logl) = t (1.3) 
in the r I decay regime. Figure 1.2, taken from Tsang and Street (1979) [22], shows the 
luminescence intensity against time for a-Si:H distant pair emission plotted on a 
conventional semi-log scale. If short excitation pulses at high repetition frequencies are 
used the emission will appear to have a short lifetime (figure 1.2a) while long· excitation 
pulses at low repetition rate will appear to give a long lifetime (figure 1.2b). 
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Figure 1.2 - Luminescence decay in a-Si:H after (a) short and (b) long excitation pulses. A 
short decay' lifetime is obtained in (a) [7][22]. 
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Chapter 2 - Review 
2.1- THE BEGINNINGS OF HYDROGEN-IMPLANTED AND HELIUM-
IMPLANTED SILICON 
Hydrogen behaviour in crystalline semiconductors did not become a subject of 
widespread study until about 1983. Prior to this, only isolated investigations had pointed out 
some of its singular characteristics. Among these are hydrogen's ability to passivate both deep 
and shallow levels, as well as activate normally passive isoelectronic centers. However, the 
field took off when Sah et al. [1][2] in 1983 and Pankove et al. [3][4] performed studies on 
silicon and demonstrated that hydrogen could passivate boron (B) acceptors. An avalanche of 
experiments ensued, confirming passivation of other shallow acceptors in silicon, followed by 
shallow donors in silicon, and virtually all shallow dopants in all 111-V compounds. 
Especially in the latter, where hydrogen bonding to impurities tends to be stronger, the use of 
hydrogen as a passivating agent has led to applications in devices. 
In parallel with the study of hydrogen in crystalline semiconductors, its role and 
application in amorphous material (especially a-Si) has also been the subject of widespread 
interest. 
We now present a short overview of what is currently known about hydrogen and 
helium in crystalline silicon. 
2.1.1- Development of Hydrogen -Implanted Silicon 
The principal interest in hydrogen in crystalline semiconductors occurs because of its 
ability to passivate the electrical activity of dangling or defective bonds. It forms complexes 
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with other impurities, and has been used to suppress swirl defects in float-zoned Si [23]. 
Hydrogen can be introduced into semiconductors during crystal growth, by exposure 
to a hydrogen-containing plasma [11], by chemical reaction at the surface [24], or by direct 
implantation. Implantation can provide very interesting results if applied carefully and may 
also leave the impurities in a metastable state, which can be used to advantage in certain 
experiments [25]. Other ways of introducing hydrogen to semiconductors are discussed in 
[26]. In many cases its incorporation into crystalline semiconductors is unintentional, and can 
cause changes in the electrically active dopant profile in the near surface region [27]. 
It has been reported that the structural configuration of H in semiconductors is linked 
to the doping type. Indeed, in p-type material the positive charge state (H+) is found to be 
most favoured, and the negative charge state in n-type material [28][29]. 
Hydrogen introduces deep levels into the semiconductor bandgap, and behaves as an 
amphoteric impurity: it always counteractrthe prevailing doping of the material, i.e. it behaves 
as a deep acceptor (H-) in n-type material, and as a deep donor (H+) in p-type material. 
This property of deactivating both shallow acceptor and donor impurities in the two 
most technologically important semiconductors, Si and GaAs has attracted wide interest. 
Hydrogen will also passivate the electrical activity of many deep defect and impurity states in 
other elemental and compound semiconductors [30], as well as unreconstructed surface 
dangling bonds [31] and trivalent Si defects at Si-Si02 interfaces [32]. 
The observation that atomic hydrogen would react with certain point defects or 
impurities in crystalline Si, GaAs, GaP, AIGaAs, or Ge, passivating their electrical activity, 
gave hope that troublesome recombination centers in devices could be reduced in efficiency 
leading to improved yield and reliability of these devices [27]. 
Many of the electrical levels introduced in Si by contaminating metal-related centers 
can be neutralized by reaction with atomic hydrogen [30][33]. These impurities, most notably 
Au, Fe, Ni, and eu are easily introduced into Si wafers during high temperature processing 
steps, or they may be present in the as-grown crystal in the form of metallic clusters or 
microprecipitates [27]. Subsequent annealing or diffusion treatments will redissolve the 
impurities into solution making them electrically active. Although their solubilities are 
relatively low (l014-1016/cm3) at a typical processing temperatures [34-36]. Such 
concentrations are easily high enough to degrade device performance. 
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It should be noted that a number of these metallic impurities (e.g., Au, Pt, Pd, and Mo) 
are used as lifetime controllers in Si [34], and many can act as generation-recombination 
centers because of their large capture cross-sections for both electrons and holes. 
The passivation of acceptors in Si by hydrogen was first demonstrated by Sah et al. 
[1][37][38] in MOS capacitors subjected to low-energy (5keV) electron irradiation or 
avalanche electron injection. In these experiments the hydrogen was assumed to come from 
water-related species in the oxide. 
The first direct demonstration of the role of atomic hydrogen was given by Pankove et 
al. [3] who showed large increases in the near-surface «3J.lm) spreading resistance of boron-
doped samples exposed to a hydrogen plasma. Numerous reports followed which established 
the basic observations. All of the shallow acceptors in Si, namely B, AI, Ga, In, and TI are 
passivated by reaction with atomic hydrogen at temperatures above 100°C [4][39][40]. This 
was demonstrated by carrier profiling and photoluminescence spectroscopy. The passivation 
effect is very strong; over 99% of the acceptors can be deactivated. 
One of the predictions was that the acceptor-hydrogen atom approaches a neutral 
acceptor [41] and data from undoped samples provided some evidence of this postulation 
[11][42], i.e. that free holes were involved in the overall chemical reaction. This prediction 
was shown to be incorrect by Tavendale et al. [43], who observed acceptor passivation in the 
depletion region of a reverse biased structure. They showed the acceptor profiles in a n+p 
hydrogenated diode that was first reverse bias annealed at 80V for 16hr, then further bias 
annealed at 150V for 16hr. Boron deactivation is evident at the back edge of the depletion 
region where no free holes are present. Similar results were observed by Zundel et al. [44] 
and demonstrates conclusively that free holes are not involved in the acceptor passivation 
reaction. 
The behaviour of hydrogen as an electrically active impurity is intimately tied to the 
position it assumes in the crystal: the bond-center (high-charge-density) region giving rise to 
donor behaviour, while the interstitial (low-charge-density) region is linked to acceptor 
behaviour. Hydrogen behaves as an amphoteric impurity, and it counteracts the electrical 
activity of dopant impurities in the sample. In p-type material the H atom gives up an electron 
and assumes its most stable position in a bond-center site. This electron, annihilates one of the 
holes in p-type material, so that compensation is the first step in passivation [45]. However, 
the H+ is extremely mobile and can easily diffuse through the crystal; Coloumb attraction will 
direct it toward the site of any of the ionized acceptor (say boron, in a negative charge state: 
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B+). The final state is neutral complex between Band H, in which H assumes a bond-center 
position as illustrated in Figure 2.1. Indeed an analysis of the charge density clearly reveals 
bonding between Hand B [46][47]. The resulting structure is electrically inactive; the 
acceptor has been neutralized. 
(b) 
0- ---
H 
Figure 2.1- Schematic representation of the structure of (a) hydrogen-acceptor and (b) 
hydrogen- donor complexes in Si. Hydrogen counteracts the electrical activity 
of the dopant: in p-type material, hydrogen acts donor-like and occupies the 
bond center; in n-type material, hydrogen behaves acceptor-like and occupies 
an antibonding position [46][47]. 
Hydrogen passivation of oxygen thermal donors in Si was demonstrated with DL TS by 
Johnson and Hahn [48]. The thermal donor concentration in the near-surface region can be 
reduced by a factor of 5; recovery of the donors start at temperatures above 150°C. 
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Johnson [11][42] was clearly performing his electric field experiments at a temperature 
at which the boron neutralzation is unstable, enabling the field to sweep out the positively 
charged hydrogen. 
Tavendale et al. [43][49] were the first to demonstrate that hydrogen will drift as a 
positively charged species under the action of the electric field in the depletion region of a 
diode. The redistribution described in references [43] and [49] is exactly that expected for the 
unidirectional drift of a positively charged neutralizing species, with field dependent trapping. 
This transport mechanism was confirmed by secondary-ion mass spectroscopy SIMS 
profiling of deuterated diodes [43]. These observations, combined with the instability of the 
neutralization effect to minority carrier injection supports the protonic trap model of Sah et 
al. [50]. 
The drift of hydrogen as a positively charged species [43][49] indicates that it has a 
donor state in the upper half of the Si bandgap. Other calculations show that hydrogen may 
have states in the gap depending on its position [51-53]. 
The idea that hydrogen has a donor level in the upper part of the bandgap received 
further support in a closely reasoned paper by Pantelides [54], who noted the contradictions 
in the literature regarding the apparent charge state of hydrogen during shallow impurity 
deactivation. For example, most of the workers in the field assumed hydrogen was in a 
neutral charge state [3][11][42][55], although Johnson has also both ruled out H- [56], and 
proposed it as the stable form of hydrogen in Si [57]. Pantelides [54] suggested that 
deactivation of acceptors occurs by compensation of the negatively charged ions by the 
positively charged hydrogen. 
Although it is commonly accepted that a Si-H bond forms during acceptor passivation 
[41][58], molecular cluster calculations by Assali and Leite [59] find similar deactivation 
assuming a covalent mechanism. The interstitial hydrogen has an energy minimum between 
the acceptor and one of its Si neighbours, forming a Si-H bond with the acceptor moving off 
center in the opposite direction [60], as suggested by Pankove [4]. 
A number of processing steps in Si device fabrication involve the bombardment of the 
Si surface with hydrogen ions. The low-energy (l-2ke V) implantation of hydrogen ions into 
amorphous or polycrystalline Si has application in solar cell fabrication [61]. A tremendous 
increase in activity in this field has focused attention on the electrical effects of the 
bombardment damage. 
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Bolotove et al. [62] studied the effects of hydrogen implantation at 400, 300, 200, 
100keV with doses of 1.2-12.5xl013/cm2 and subsequent annealing on defect 
transformations in p-type and n-type silicon by fast neutron irradiation with doses 5-
20xl012/cm2. The concentration of the profile of shallow and deep levels of impurities and 
defects were measured by C-V and DL TS techniques. They observed a reduction of the 
radiation defect production rate in hydrogen-implanted silicon, at depths exceeding the 
projected range of protons. The observed effects were explained by the passivation of 
electrically active defects by hydrogen atoms which became mobile during neutron 
irradiation. 
Pankove and co-workers [3] measured the change in resistivity of boron-doped Si single 
crystal after exposure to atomic hydrogen at various temperatures for about Ihr and reported 
that most of the shallow acceptor levels due to boron in single-crystal silicon can be 
neutralized by atomic hydrogen at temperatures between 65 and 300°C. 
In 1988, Wong et al. [63] have used proximity gettering of Au to C-implanted layers 
introduced very close to the active device regions, and reported a new proximity gettering 
technique using a single Me V ion implantation. Gettering schemes of this kind earn their 
effectiveness from the closeness of the gettering sites to the top device region, and can be 
called proximity gettering. 
A high-resistivity layer formed beneath the silicon surface top layer by using proton 
implantation with a dose of 2.5xlO16 H+/cm2 at the energy of 180keV and two-step annealing 
was described by Li [64]. Li stated that this novel semiconductor will likely be a new material 
for the manufacture of very high speed circuits. 
The annealing behaviour of vacancies and interstitials produced by hydrogen 
implantation from the surface to a 50llm depth was studied by Beaufort [65] using X-ray 
diffuse scattering. The results showed the presence of point defect clusters and the kinetic 
evolution of the point defects is not influenced by hydrogen atoms. 
Borenstein et al. [66] presented a comprehensive kinetic model for the in-diffusion of 
hydrogen atoms in boron-doped silicon during low-temperature plasma hydrogenation 
treatments. Their analysis indicated that the multiple trapping process appears to terminate 
with the capture of eight or twelve hydrogen atoms. Stein et al. [10] applied infrared-
absorption and nuclear r~action analysis technique to investigate the chemical bonding of 
hydrogen to displacement defects and internal surfaces in Si. They found that displacement 
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defects, produced by H-ion implantation, trap H but release it upon annealing for retrapping 
on voids. In their electrical studies on H-implanted silicon, Bruni and his group [67] have 
investigated the electrical properties of high-dose H+ -implanted B-doped silicon using 
transient capacitance spectroscopy, capacitance-voltage, and spreading resistance profiling. 
The hydrogen diffusion and the dopant's neutralization were also studied, showing that the 
amplitude of the passivated region decreases with temperature up to 300°C but displays an 
increase at 400°C. Three hole traps have been observed from DLTS spectra; two of them, 
H(0.67), H(0.33) are considered to be hydrogen related, and tentatively identified as vacancy-
hydrogen complexes while the attribution of the third , H(0.23), could be connected with 
defect clustering, that is, a hydrogen-related phenomenon occurring at 400°C. 
In 1995, many research groups were involved with the study of hydrogen-implanted 
silicon material and were trying to establish the quality of the material [68][69] and [70]. 
Compagnini et al. [68] reported on the improvement achieved in the semiconducting 
properties of amorphous semiconductors subjected to hydrogen-ion implantation such as 
increase of the optical energy gap and of the room temperature resistivity. They gave a 
picture of some optical and structural properties of amorphous silicon carbon alloys as a 
function of the implanted hydrogen concentration by comparing them with other amorphous 
semiconductors. 
It was realised [69] that hydrogen implantation and subsequent annealing result in a 
well-defined band of cavities in Si. Wong-Leung et al. [69] concluded that this band is an 
extremely efficient gettering layer for copper (Cu) which is also introduced into the near 
surface of Si by ion implantation. They have shown that approximately 100% of the 
implanted Cu (for doses up to 3xlQ15 /cm2) can be effectively trapped within a narrow band 
(-IOOOA at depth of -lJ..1m) of cavities produced by H-implantation when annealed at 
780°C. Furthermore, the Si between the surface and the cavity band is essentially defect-free. 
At the University of Surrey, the photoconductive frequency resolved spectroscopy 
(PCFRS) technique [19][71] have been used to study the excess carrier lifetime distributions 
in device grade silicon subjected to hydrogen implantation to achieve proximity gettering of 
heavy metal impurities [72]. Carrier lifetime distributions have been obtained for various 
processing conditions and over a wide range measurement temperatures. 
The gettering process is inferred from changes in the lifetime distribution of excess 
carriers. From these results, it was concluded that the presence of lattice defects due to the H+ 
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ion implantation and annealing achieves a significant gettering of the electrically active 
impurities in the starting material. 
Hara et al. [73] have studied the delamination of a thin layer from a Si wafer by high 
dose H+ implantation. Hydrogen ions were implanted into (100) P-Si through a lOOnm thick 
oxide layer at l00keV with doses of lxl016 and lxlO17 ionlcm2. Their results have led to the 
conclusions that splitting of the Si layer (crack formation) was observed clearly by the TEM 
at a depth of O.85~m when annealing was done at 600°C, and many point defects were 
observed at the surface of the split Si layer. The density of defects decreased with increasing 
annealing temperature and disappeared at 900°C. 
In 1996, Saito et al. [74] have reported quantitative analysis of implantation induced 
damage by using a hydrogen decoration method. The profile of hydrogen and the 
concentration of the defects were investigated using secondary ion mass spectroscopy (SIMS) 
and thermal desorption spectroscopy (TDS). The method is based on the idea that hydrogen is 
adsorbed preferentially on the implanted defects. 
In 1997, Hara et al. [75] have studied the conditions of the delamination using H+ 
implanted Si layer. Ion implantation and annealing conditions, such as temperature and time 
for the delamination were found. They have reported the close relation of delamination to the 
formation of H-Si defect bonds and the release of a hydrogen atom from these bonds in 
hydrogen ion implanted Si layer. 
The use of hydrogen as a sensitive probe of defect chemical reaction has already proven 
valuable and is likely to be even more in future [27]. 
2.1.2- Development of Helium -Implanted Silicon 
It has been reported that the essential properties of hydrogen-implanted-induced cavities 
are similar to those of helium-implanted-induced cavities [18]. A relatively large literature on 
the effect of implanting the heavier inert gas atoms into silicon is available, but very few 
studies have involved helium implants. 
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In 19S3, Elliman [6] reported the formation of helium bubbles in silicon after SOkeV 
helium ion irradiation while Paszti et al. [76] describe flaking effects induced by IMeV 
helium implants. 
Griffioen et al. [S] have recognized that the ion implantation of helium into silicon 
produces bubbles, and that subsequent annealing at temperatures above 700°C causes the He 
to diffuse out of the material leaving voids or empty cavities. This mode of behaviour has not 
been demonstrated previously for bubbles in other materials. The walls of these nanocavities 
are believed to be pristine surfaces, and recently, several of their properties have been 
investigated. 
The transition-metal solute eu was shown to be strongly trapped by the internal surfaces, 
raising the possibility of using cavities for impurity gettering in silicon devices [1S]. 
The results reported by Evans et al. [77] showed that under normal conditions the high 
density of small cavities introduced into silicon by helium implants at ambient temperatures 
will reach above 106 Icm3. In addition, they suggested that cavity migration in silicon can be 
inhibited by the presence of oxygen. 
Seager at al. [7S] reported an investigation of the electrical properties of internal cavity 
surfaces in Si. They sought to determine the effects of cavity-containing layers on the 
electrical properties of doped Si to facilitate the exploitation of these layers in devices for 
such purposes as impurity gettering and electrical isolation. Seager and his group have 
examined the electrical behaviour of nanocavity-containing layers in n-type and p-type Si by 
a variety of techniques. These cavities were observed to perturb the local band structure 
strongly, reflecting the influence of the positive, neutral, and negative charge states of the 
internal surface dangling bonds. 
Since the discovery of visible light emission from porous Silicon (p-Si) [79] and its 
attribution to quantum size effects in Si, some attempts have been made to produce in 
different ways, silicon quantum structures chemically and mechanically more stable than p-Si 
[SO][SI]. The quantum structure and the passivating action by H of the nonradiative 
recombination centers have been considered responsible for the visible photoluminescence 
(VPL) observed at 77K [S2]. 
The idea to produce confinement by He ion bombardment [S3][S4] has also been at the 
basis of some unsuccessful attempts to obtain VPL from crystalline Si. In particular, Siegle et 
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al. [84] have suggested that in order to obtain a quantum structure suitable for exciton 
confinement by He-ion implantation, amorphization of Si should be avoided. 
After that in 1995, Bisero et al. [85] have observed and studied a visible photoluminescence 
at cryogenic temperatures from crystalline Si bombarded with He and exposed to H either as 
plasma or gas in the 250-450°C temperature range. They considered the experimental results 
are consistent with the formation of Si nanopartic1es produced by He segregation, which is 
responsible for exciton localization, and H passivation of the nonradiative recombination 
centers. 
2.1.3- Proximity Gettering of Metals by Voids in Silicon 
In spite of the technology improvement required by very large scale integration (VLSI) 
metal contamination is one of the main issues still limiting device reliability and 
reproducibility. 
Metallic contamination such as Fe and Cu, have a detrimental effect on the 
characteristics of electronic devices fabricated in silicon. Therefore, great efforts have been 
made to minimize their concentration in the starting silicon wafers. Gettering of these 
impurities during processing, either on the back of the wafer or at getter centers in the bulk of 
the wafer, has also become an established technique for lowering their concentration in active 
device areas. The demands imposed on silicon purity have become more stringent. This has 
initiated research in proximity gettering, where the getter centers are situated in the direct 
vicinity of active device areas in order to increase their efficiency. 
The feasibility of introducing getter centers by means of ion implantation has been 
demonstrated in the literature. Recently, the potential use of He bubbles as gettering centers 
for contaminated Si has been demonstrated [9][12][86]. Overwijk et al. [12] have compared 
the gettering efficiency of C, 0, and He implantation of silicon for several doses and 
annealing strategies for Cu- and Fe- contaminated samples. They concluded that in case of 
Cu- contaminated Si, He, C, and 0 implantations show significant gettering behaviour, which 
is clearly related to the distribution of the implanted ions. They also reported that when the 
implanted dose exceeds 6-8x101S ions/cm2, He implantation results in the most efficient 
getter center, while in the case of Fe- contaminated silicon He implantation results in similar 
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gettering efficiencies as in the case of Cu- contaminated Si. On the other hand, the C and a 
implantations, appear to result in gettering on the implantation damage rather than on the 
implanted ions. Therefore, He- implantation seems to be most suitable for use in proximity 
gettering despite the fact relatively high implantation doses are required [12]. 
In 1995, Raineri and co-authors [9] have studied in detail the He implanted induced 
void evolution during thermal treatment as a function of the implanted dose and the annealing 
temperature. He bubbles were formed in Si substrates by implanting He at doses ranging from 
5xl015 ionslcm2 to lxlO17 ionslcm2 and energies in the range of 40-300keV. Figure 2.2 
illustrates XTEM images of the 40keV He implanted silicon, after a dose of lxlO17 
ions/cm2. Bubbles are already formed in the as-implanted sample figure 2.2a and are 
distributed over a O.3J..lm wide band lying at OAJ..lm from the surface, while the evolution of 
voids with thermal processing at lOOO°C for Ihr and at 12000 e for 30min is shown in the 
XTEM images of figure 2.2b and figure 2.2c respectively. 
After thermal processing at 700°C voids are formed and remain stable also at very high 
temperatures (up to l200°C) and very long anneals times (>5hr). The density and diameter of 
voids were determined by the thermal processing temperature while no differences were 
observed after long times. They reported that these voids are reactive to metal impurities and 
they have estimated that a concentration of lxlO14 /cm2 Pt and Cu atoms can be gettered 
inside a void band 300nm thick. 
Further work has been done by Raineri et al. [86]. They have investigated the formation 
of helium bubbles and their evolution into cavities by transmission electron microscopy. the 
measured values of void density, diameter and the width of the void layer can be interpreted 
by assuming a simple coalescence model which has been developed. They demonstrated the 
gettering efficiency directly on devices and compared it with traditional methods based on 
phosphorous diffusion. 
In 1996, the microstructural properties of helium implanted void layers in silicon as 
related to front-side gettering were studied by Medernach et al. [87]. They examined the high 
temperature stability of internal voids and their associated microstructure created by He front-
side implantation, where this issue is important for the potential use of the voids as gettering 
centers in the proximity of active regions. Their study demonstrated that voids formed on the 
front-side of a silicon wafer by a He implant annealed in dry O2 show good stability at 
temperatures as high as 1453K that are used in epitaxial processing. This stability of void 
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Figure 2.2 - XTEM images of He implanted silicon with lxlO17 ions/cm2 at 40keV (a) 
As -implanted sample (b) Thermal processed at lOOO°C for Ihr (c) Thermal 
processed at 1200°C for 30min [9]. 
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microstructure offers the potential for establishing a highly reactive gettering layer beneath 
the surface of active devices. 
Petersen et al. [88] quantitatively characterized the ability of nanometer-size cavities 
formed by He ion implantation to getter detrimental metal impurities in Si. They have found 
that the formed cavity microstructures and subsequent annealing capture metal impurities by 
chemisorption on internal walls at low concentrations. They have developed mathematical 
models to predict the gettering behaviour of cavities as compared to conventional gettering by 
precipitation. 
The photoconductive frequency resolved spectroscopy (PCFRS) technique [19][71] has 
been used at the University of Surrey to study the excess carrier lifetime distributions in 
device grade silicon subjected to helium implantation to achieve proximity gettering of heavy 
metal impurities. PCFRS measurements were carried out over a wide range measurement 
temperatures and carrier lifetime distributions obtained for various processing conditions. 
The experimental results due to the changes in the lifetime distribution showed that due to the 
He+ ion implantation and annealing, a significant gettering of the electrically active impurities 
in the starting material has been achieved (presented in this thesis). 
Although a lot of work has been done to develop this technology, there is still a need to 
improve our understanding of the voids and dislocation behaviour during post implant 
thermal processing and a complete description of their optical and electrical properties. 
2.1.4 - Applications of Hydrogen -Implanted and Helium -Implanted Si 
During the past few years there has been a continuous interest in the behaviour of 
hydrogen in semiconductors. In partiCUlar the use of hydrogen for the dopant passivation in 
silicon has promising technological implications, e.g. the production of low cost large area 
solar cells. 
A novel silicon structure consisting of silicon on defect layer (SODL) has been 
discovered by Li [89][90]. In 1992, Li and co-workers [91] improved the defect photovoltaic 
effect [92] by introducing local defect layers (LDL) into a single crystal silicon cell via the 
SODL technique. The critical features of the novel cell structure are shown in figure 2.3. 
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They reported on a H+ implanted silicon solar cell with 35% efficiency achieved by 
combining the SODL technique with a well-known, conventional p+-n -n+ back-surface-field 
(BSF) silicon solar cell process. The local defect layers were proven to hold the key to 
achieving the exceptionally high efficiency of the novel solar celL 
H+~eFI I I U~dMMk I ~-SiliCon 
(a) 
,--_____ Gap 
Z/ LDL 
(b) 
I fnci1e~t L~g~t I 
U etal Contact 
Ell{itter _ ~~~~=~~~~~~=:j Coating ~ p+ LDL 
n t======~::;;:::1------_p-n Junction ___ _ BSF 
(c) 
"'--__ ,Gap 
Figure 2.3 - Process of the novel solar cell (a) Schematic cross section of the sample being 
subjected to H+ bombardment (b) Schematic cross section of the sample 
containing the LDL (c) Schematic cross section of the novel solar cell [92]. 
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The improvement of photovoltaic efficiency due to the properties of implanted impurity 
atoms has recently attracted much attention. The influence of helium He+ implantation on the 
properties of crystalline silicon solar cells has been investigated by Bruns et al. [93]. They 
suggested that for suitable implantation doses it is possible to increase the photocurrent 
without degenerating the values for open circuit voltage thus resulting in an improved 
efficiency of the cells. 
Bruns and his group [93] have fabricated another kind of solar cell with a local defect 
layer (LDL), forming the LDL with an implantation of 550keV He+ ions (figure 2.4). In this 
case the LDL improves the efficiency of the solar cell compared to the unimplanted reference 
sample. 
Metal-Grid 
pn-Junction 
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Figure 2.4 - Structure of the He+ implanted LDL-solar cell [93]. 
In 1995, Raineri and Campisano [94][95] described a novel technique that produces a 
high quality low cost silicon-on-insulator. The method takes advantage of the formation of a 
buried porous layer in silicon implanted with light ions. It is based on high-dose helium 
implantation (l x 1017 He+/cm2, 40keV) to form bubbles which evolve by thermal processes in 
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a continuous buried void layer. This layer is then oxidised in dry 02 where oxygen flows in 
the network through trenches etched deeper than the void layer (figure 2.5). The presented 
process is simple and does not introduce contamination in silicon because helium evaporates, 
thus leaving only empty voids in the silicon. 
Void Layer 
1 Silicon Substrate T 
Figure 2.5 - Schematic representation of the trench structure required to oxidise the void 
layer and to form a buried oxide film [94]. 
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Chapter 3 - Theory 
3.1- THE PHOTOCONDUCTIVE EFFECT 
Photoconductive effects occupy an important part in studies of semiconductors. In 
this section, the photoconductive effect in a semiconductor is described. The process of 
formation of free charge carriers requires energy for overcoming the energy gaps between 
allowed bands or between local impurity levels and these bands. In the absence of 
illumination, the dark conductivity of a semiconductor is given by 
0'0 = q( no J.1n + po J.1p ) (3.1) 
where no and Po denote the densities of electrons and holes in thermal equilibrium, while 
J.1n and J.1p are the electron and hole mobilities, respectively, and q is the electronic charge. 
When photons with energies greater than the bandgap energy of a semiconductor are 
absorbed in a semiconductor, intrinsic photoconductivity results. The absorbed photons 
create excess electron-hole pairs (i.e., tln and tJ.p), and as a result the densities of electrons 
and holes (i.e., n and p) becomes larger than their equilibrium values of no and Po (Le., n= 
no+ f:,.n ,p = Po+ t1p). 
The photoconductivity is defined as the net change in electrical conductivity under 
illumination and can be expressed by 
tJ.0' = q( tlnJ.1n + t1pf..lp) (3.2) 
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where &z and Ap are the photogenerated excess electron and hole densities, respectively. 
These densities Il.p and &z are generally much smaller than Po and no in a degenerate 
semiconductor, and the effect of incident photons can be considered as a small 
perturbation. However, in an insulator or a nondegenerate semiconductor, values of Il.n 
and Il.p can become larger than their equilibrium carrier densities. In case the effect of 
electron and hole trapping is small and the semiconductor remains neutral under 
illumination (i.e. without building up space charge in the material), then &z = Il.p holds 
throughout the specimen. 
There are two types of photoconduction processes which are commonly observed in 
a semiconductor depending on the incident photon energies. One type of photoconduction 
process is known as intrinsic photoconductivity, in which the excess electron-hole pairs are 
generated by the absorption of photons with energies exceeding the bandgap energy of the 
semiconductor (i.e., hv~. This type of photoconduction process is illustrated in figure 
3.1a. The other type of photoconduction process is known as extrinsic photoconductivity, 
in which electrons (or holes) are excited from the localised donor (or acceptor) states into 
the conduction (or valence) band states by the absorption of photons with energy equal to 
or greater than the activation energy of the donor (or acceptor) levels, but is less than the 
bandgap energy of the semiconductor (i.e. , ED ~v~. This is shown in figure 3.1 b. 
For intrinsic photoconduction, the photogenerated carriers are participating in the 
photoconduction process, and the photoconductivity is described by eqn. (3.2). While, in 
case of extrinsic photoconductivity, the photoconduction process usually involves only 
one type of carrier (i.e., either electrons or holes), and the expression for the extrinsic 
photoconductivity is given by 
for n-type (3.3) 
and 
for p-type (3.4) 
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where flnD and !:::.PA are the photogenerated excess electron and hole densities from the 
donor and acceptor centres, respectively. 
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Figure 3.1 (a) Intrinsic and (b) extrinsic photoconductivity in a semiconductor. 
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v 
Figure 3.2 Photoconductivity process in a semiconductor specimen. 
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Let us now see which factors affect the values of nonequilibrium densities dn and dp 
governing the nonequilibrium conductivity d(J. We shall consider here the case where the 
nonequilibrium conductivity appears as a result of illumination. When a semiconductor is 
illuminated with light, the absorption of light quanta causes electron transitions from the 
valence band to the conduction band and consequently generates nonequilibrium electrons 
and holes. The number of electrons and holes generated per unit time in unit volume 
should be proportional to the optical energy absorbed. 
The optical energy absorbed per unit time in unit of volume is 
Where 
dI = Kl 
-dx (3.5) 
K is a coefficient of proportionality, known as the optical absorption coefficient and 
is defined as the relative rate of decrease in light intensity along its propagation path 
and is a function of the material as well as the excitation wavelength A . 
I is the light intensity per unit area, the energy absorbed per unit time in unit area of 
a layer of thickness dx, where x is the direction of propagation of light. 
Thus the number of electrons and holes (dn and dp) generated per unit time in unit 
volume should be proportional to the quantity Kl: 
where 
11Kl !In = 6.p = gt = - t hv (3.6) 
11 - is a coefficient of proportionality and represents the quantum efficiency i.e., the 
number of electron-hole pairs formed by a single quantum. Usually 11 ~1 [97], but if the 
energy of the quantum exceeds double the width of the forbidden band, then the carriers 
generated may possess sufficient kinetic energy to liberate additional nonequilibrium pairs 
by impact ionization, then 11 can be > 1. 
h- is the Planck constant 
v- is the excitation frequency 
g - is the generation rate of carriers 
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Figure 3.3 shows K as a function of hv for Si, Ge and GaAs. 
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Figure 3.3 Absorption coefficient K versus photon energy for Si, Ge and GaAs measured 
at 300K and 77K [96]. 
Figure 3.4 shows the variation of carrier density with time during illumination. If no 
other processes except carrier g~neration took place, then the density of nonequilibrium 
carriers Iln and flp would increase with time without limit (figure 3.4, dashed line) when 
it is assumed that no space charge was built-up during the photoconductivity process. In 
fact, after a certain time from the beginning of illumination a steady-state (constant) 
photoconductivity flO's is established (or, equivalently, steady-state non-equilibrium 
carrier densities An .• and D.p .• are established), where the subscript s indicates steady-state 
conditions. It follows that together with the process of free carrier generation there must be 
a contrasting process of carrier annihilation tak:.ing place simultaneously with the 
generation process and the rates of both processes must be equal when the steady-state is 
attained. 
1.(\ 
The mechanism of carrier annihilation is known as recombination. Obviously the 
rate of recombination is related to the nonequilibrium carrier densities. At the 
commencement of illumination, when fill and IIp are low, this rate is low, but later, it 
increases as fill and IIp increases until it becomes equal to the rate of generation. This 
corresponds to the steady-state photoconductivity and fill and IIp reach a constant value 
after a certain time (figure 3.4, continuous curve). 
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Figure 3.4 Variation of nonequilibrium carrier density Iln (= IIp) with time during 
illumination [98]. 
The steady-state electron and hole densities fills and Ilps' may be written in the 
form of the product of the ratio carriers are generated by the light intensity and their 
average lifetime before recombination: 
(3.7) 
Ilps = g'Cp 
nKl 
= hv 'tp, 
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By substituting Eqn. 3.7 into 3.2, the steady-state photoconductivity can be written as 
(3.8) 
where 'tn and 'tp are the average lifetimes of nonequilibrium carriers electrons and holes, 
respectively i.e., the average time a carrier exists in the free state to contribute to 
conductivity until it recombines. The value of this lifetime varies within wide limits 
(typicaly from -1 Omsec to 0.1 /lsec) depending on the material. 
In the case of a p-type material 'tn is called minority carrier lifetime and represents 
the mean lifetime of the excess electron-hole pairs; 'tp is defined analogously for n-type 
material. Our further discussions will be concentrated on a p-type semiconductor, so that 
the recombination lifetime 'tR is defined as being identical to the minority carrier lifetime 
'tn' i.e. 't R == 't n' 
3.1.1 - Kinetics of Photoconduction 
As the photocurrent is directly related to the excess carrier densities generated by the 
incident photons, therefore a study of photocurrent as a function of light intensity usually 
gives useful information concerning the recombination mechanisms of the excess carriers 
in a semiconductor. As an example, let us consider a p-type direct bandgap semiconductor. 
If the band-to-band radiative recombination dominates the excess carrier lifetimes, then the 
kinetic equation for the photoconduction process can be expressed by 
dn - g-r dt - (3.9) 
where g is the generation rate of the excess carriers and defined by eqn. (3.6), r is the net 
recombination rate which, for band-to-band radiative recombination, is given by 
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(3.10) 
where B is the rate of radiative capture probability. 
In the steady-state case ~7 = 0, so from eqns. (3.9) and (3.10) 
g = r = B (np - n; ) (3.11) 
where n = no +dn andp = Po +dp. 
In order to understand the kinetics of photoconduction, we consider two limiting cases, 
namely, the low and high-injection cases. 
Low-injection case is when dn=dp (dn«no. dp«po)' Under the low-injection 
condition, eqn. (3.11) becomes (considering only first order terms in dn) 
(3.12) 
dn = g 
B(po + no) 
11K! 
= Bhv(po+ no) ( 3.13) 
In eqns. (3.12) and (3.13) we have assumed that dn = !lp ( i.e. no trapping), and the 
charge-neutrality condition prevails. Eqn.(3.13) shows that dn is directly proportional to 
light intensity I. In the low-injection case, since the photocurrent varies linearly with dn, 
photocurrent is also a linear function of the light intensity I. 
High-injection case is when dn=dp (dn»no' dp»po)' Under the high-injection 
condition, eqn. (3.11) becomes 
(3.14) 
or 
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( 3.15) 
Which shows that &z is directly proportional to the square root of the light intensity. 
Therefore, under the high injection condition, when band-to-band radiative recombination 
is dominant, the photocurrent varies with the square root of the light intensity. 
3.2 - EXCESS CARRIER PHENOMENA IN SEMICONDUCTORS 
Excess carriers in a semiconductor may be generated by either electrical or optical 
means. For example, electron-hole pairs are created in a semiconductor as a result of 
absorption of photons with energies exceeding the bandgap energy of the semiconductor. 
Similarly, minority carrier injection can be achieved by applying a forward bias voltage 
across a p-n junction diode or the base-emitter of a bipolar junction transistor. The inverse 
process of excess carrier generation in semiconductor is recombination. Depending on the 
ways in which the energy of an excess carrier is removed during a recombination process, 
there are three basic recombination mechanisms which are responsible for carrier 
annihilation in a semiconductor. These include: (1) nonradiative recombination (i.e. the 
multiphonon process), (2) band-to-band radiative recombination, and, (3) Auger band-
to-band recombination. The nonradiative recombination mechanism is usually the 
predominant recombination process for indirect bandgap semiconductors such as silicon 
and germanium. This recombination process is usually accomplished via a deep-level 
recombination centre in the forbidden gap, and the energy of the excess carriers is released 
via phonon emission. The band-to-band radiative recombination mechanism is usually the 
predominant process occurring in direct bandgap semiconductors such as GaAs and InP. In 
this case, band-to-band recombination of electron-hole pairs is accompanied by the 
emission of a photon. Auger band-to-band recombination mechanism is usually the 
predominant recombination process occurring in the heavily doped semiconductors or 
small-bandgap semiconductor such as InSb. The Auger process can also become the 
predominant recombination process under high injection conditions. Unlike the 
nonradiative and radiative recombination processes, which are two-particle process. Auger 
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band-to-band recombination is a three particle process which involves two electrons and 
one hole for an n-type semiconductor, or one electron and two holes for a p-type 
semiconductor. For an n-type semiconductor, Auger recombination is accomplished first 
via electron-electron collisions in the conduction band, and followed by electron-hole 
recombination in the valence band. 
Two or more processes described above may be occurring simultaneously [97]. 
The contribution of carriers to the conduction process will continue until they 
recombine or are captured at a defect centre. The capture centres can be broadly classified 
into two groups: 
• Recombination centres (levels): the traps from which the captured carriers are not very 
likely to be thermally re-excited to the free state and such traps can capture electrons and 
holes, thus giving rise to recombination . 
• Trapping centres (levels): the traps for which the probability of the captured carrier 
being thermally re-excited to the free state is very high and greater than the probability of 
recombining with a carrier of opposite sign. 
It is possible to differentiate between recombination and trapping centres through the 
conditions of excitation. As an example, under different illumination intensity or 
temperature, a capturing centre can act either as a trapping or recombination centre. 
Whether a centre acts as recombination or trapping centre depends on the ratio of the 
probability of capture of a carrier with opposite sign to the probability of thermal freeing 
of the trapped carrier. 
In the case of direct recombination, the electron and hole recombine through an 
electron dropping from a state in the conduction band to an empty state in the valence band 
in a single transition (figure 3.5a). When the recombination occurs through a 
recombination centre, the electron (hole) is captured by a centre and subsequently the 
occupied centre captures a hole (electron) and the recombination process is then completed 
(figure 3.5b). 
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Figure 3.5 Recombination processes: (a) direct recombination and (b) recombination 
through a recombination centre. 
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3.2.1- Nonradiative recombination: Shockley-Read-Hall model 
Nonradiative recombination is dominant in indirect bandgap semiconductors such as 
Si [99]. In this process, the recombination of electron-hole pairs may occur at the localised 
trap states in the forbidden gap of the semiconductor. The nonradiative process includes 
the capture of electrons or holes by the trap states, followed by their respective 
recombination with holes in the valence band or electrons in the conduction band. When 
the electron and hole recombine, energy is released via phonon emission. The localised 
trap states may be produced by deep-level impurities (e.g., transition metals or other 
metals such as Fe, Ni, Co, Au, Cu, etc.) or by radiation- and process-induced defects. The 
nonradiative recombination process in a semiconductor can be best described by the 
Shockley-Read-Hall model [100][101]. 
The energy band diagram for the Shockley-Read-Hall model is illustrated in figure 
3.6. It shows the four transition processes for the capture and emission of electrons and 
holes via a localised recombination center. Usually a localised deep-level trap state may be 
in one of the two charge states differing by one electronic charge. Hence, the trap could be 
in either a neutral or a negatively charged state, or in a neutral or a positively charged 
state. When the trap state is neutral, it can capture an electron from the conduction band 
(figure 3.6a). In this case, the capture of electrons by an empty neutral trap state is 
accomplished through the simultaneous emission of phonons during the capture process. 
The emission of an electron from a filled trap state is shown in figure 3.6b, the electron 
gains its kinetic energy from the thermal energy of the host lattice. Figure 3.6c shows the 
capture of a hole from the valence band by a filled trap state, and figure 3.6d shows the 
emission of a hole from the empty trap state to the valence band. 
Shockley-Read-Hall (SRH) model is based on the assumption that (i) the doping 
density in the semiconductor is less than that required for onset of degeneracy (-1019 
atoms/cm3), and (ii) the density of trap states (defect centers) is small compared with the 
equilibrium majority carrier density. 
The general expression for the excess carrier lifetime is given by[100] 
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Figure 3.6 The Shockley-Read-Hall model. Capture and emission of an electron and a hole 
hole via a deep-level trap: (a) electron capture, (b) electron emission, (c) hole 
capture, and (d) hole emission [100]. 
where 
1 
't po = 
cp Nt 
and 
1 
'tno = 
cn Nt 
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'tno (Po + PI +L\p) 
(no + Po +L\p) (3.16) 
(3.17) 
(3.18) 
where n = no+~ and P = Po+ll.p denote the nonequilibrium electron and hole densities, 
no and Po are the equilibrium electron and hole densities, and ~ and Il.p denote the excess 
electron and hole densities, respectively. 
'tpo is the minority hole lifetime for a strong n-type semiconductor, and 'tno is the minority 
electron lifetime for a strong p-type semiconductor. 
cn and cp are the electron and hole capture coefficient (cm3/sec). 
Nt is the trap density (cm-3). 
In case of low injection level (Le., ~«no and Il.P«Po)' the excess carrier lifetime 
given by eqn. (3.16) reduces to 
't po (no + n] ) 'tno (Po + pJ 
'to = (no + Po ) + (no + pJ (3.19) 
showing that under the conditions of low injection level, 'to is independent of excess 
carrier density or injection. It is interesting to note that for a p-type semiconductor with 
po»no' n 1 and PI> eqn. (3.19) is reduced to 
(3.20) 
Similarly, for an n-type semiconductor with no»po' PI and nI> eqn. (3.19) becomes 
'to = 't po (3.21) 
Eqns. (3.20) and (3.21) show that the excess carrier lifetime in an extrinsic 
semiconductor is dominated by the minority carrier lifetime. Hence, the minority carrier 
lifetime is a key physical parameter for determination of the excess carrier recombination 
in an extrinsic semiconductor under the conditions of low injection level. 
35 
In case of high-level injection, with ~n= ~p»no,po,nl,PI' eqn. (3.16) becomes 
(3.22) 
This equation shows that, in the high injection limit, the excess carrier lifetime 'th 
reaches saturation and becomes independent of the injection. In general, it is found that in 
the intermediate injection range the excess carrier lifetime may depend on the injected 
carrier density. Furthermore, the excess carrier lifetime is also found to be dependent on PI 
and n 1, which in tum depend on the Fermi level and the dopant density. 
According to the above discussions, the minority carrier lifetime is an important 
physical parameter which is directly related to the recombination mechanisms in a 
semiconductor. A high-quality semiconductor with few defects usually has a long minority 
carrier lifetime. On the contrary, a poor-quality semiconductor will have a very short 
minority carrier lifetime and a large defect density. The minority carrier lifetime plays an 
important role in the performance of many semiconductor devices. For example, the 
switching speed of a bipolar junction transistor and the conversion efficiency of a p-n 
junction solar cell may be controlled by the minority carrier lifetime of a semiconductor. 
3.2.2 - Band-To-Band Radiative Recombination 
Band-to-band radiative recombination dominates in direct bandgap materials [99] 
like GaAs, InP, or InAs. This process is the inverse process of optical absorption, where 
photons are emitted due to the recombination. In a nondegenerate semiconductor, the rate 
at which electrons and holes are annihilated via band-to-band radiative recombination is 
proportional to the product of electron and hole densities in the conduction and valence 
bands, respectively. In thermal equilibrium, the rate of band-to-band recombination is 
equal to the rate of thermal generation. This equilibrium rate equation can be expressed by 
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R = G = lI(n p = \Irn~ o 0 't" 0 0 't'J I (3.23) 
where", is the radiative capture rate. Under steady-state conditions, the rate of band-to-
band radiative recombination is given by 
r = ",np (3.24) 
where n=no+~ and P=Po+llp. The net recombination rate is obtained by solving eqns. 
(3.23) and (3.24). Thus, the net recombination rate is given by 
(3.25) 
An expression for the radiative lifetime, 't,., due to band-to-band recombination is 
obtained by solving eqn. (3.25) assuming ~=Ilp, and the result yields 
't = r 
~ 1 
= Qr ",(no + Po + ~) (3.26) 
From eqn. (3.26), it is noted that 'tr is inversely proportional to the majority carrier 
density. Under low injection conditions, eqn. (3.26) can be simplified to 
1 (3.27) 'trl = 
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Which shows that, for the small injection case, the band-to-band radiative lifetime is 
inversely proportional to the majority carrier density. For the intrinsic case (i.e., 
no=po=ni) , the radiative lifetime 'Crt due to band-to-band recombination given by eqn. 
(3.26) is reduced to 11(2'¥ni). 
In the high injection limit, Iln=t!.p»no, Po and eqn.(3.26) becomes 
't rh = (3.28) 
This equation shows that the band-to-band radiative lifetime under high injection 
conditions is inversely proportional to the excess carrier density, and independent of the 
majority carrier density in the semiconductor. 
3.2.3 - Band-To-Band Auger Recombination 
As band-to-band radiative recombination is the inverse process of fundamental 
optical absorption, in a similar manner, band-to-band Auger recombination is the inverse 
process of impact ionization. Band-to-band Auger recombination is a three-particle 
process which involves either electron-electron collisions in the conduction band followed 
by recombination with holes in the valence band, or hole-hole collisions in the valence 
band followed by recombination with electrons in the conduction band. These two 
recombination processes and their inverse processes are shown schematically in figure 3.7. 
Figures 3.7a and 3.7b show two possible variants of Auger recombination with 
energy transfer to an electron and a hole respectively[102]. This type of recombination 
was once thought to be too unlikely to be of importance in semiconductors, but it is now 
known that this is not so [97]. 
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In semiconductors with small-bandgap such as InSb, the minority carrier lifetime is 
usually controlled by band-to-band Auger recombination, and energy loss is carried out 
either by electron-electron collisions or hole-hole collisions and subsequent Auger 
recombination. 
To derive the band-to-band Auger recombination rate lifetime, the rate of Auger 
recombination in equilibrium conditions can be written as 
(3.29) 
where Cn and Cp are the Auger recombination coefficients when the third carrier is either 
an electron or a hole. Both Cn and Cp can be calculated from their inverse process, namely 
the impact ionization. 
Under nonequilibrium conditions, the Auger recombination rate is given by 
(3.30) 
where nand p represent the nonequilibrium electron and hole densities, respectively, and 
(3.31) 
Therefore, the net Auger recombination rate under steady-state conditions is obtained from 
eqns. (3.29) and (3.30), and the result is 
(3.32) 
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Figure 3.7 Auger recombination and its inverse process which shows the annihilation and 
creation of an electron-hole pair: (a) annihilation of an electron-hole pair by 
electron-electron collisions, (b) creation of an electron-hole pair by electron 
impact ionization, (c) destruction of an electron-hole pair by hole-hole 
collisions, and (d) creation of an electron-hole pair by hole impact ionization 
[98][102]. 
Under steady-state condition t:.ns=t:.n, and t:.Ps=t:.p, and when low injection 
conditions are assumed, t:.ns and t:.ps«no, Po the Auger lifetime may be derived from 
eqns. (3.31) and (3.32), and the result yields 
t:.ns 1 
'tA = -;:- = n~ Cn + 2nl (en + Cp ) + p; Cp (3.33) 
If Cn is assumed equal to CP' then eqn. (3.33) shows that 'tA has a maximum value if 
no=po=nj (i.e., 'ti = 1/6 nl Cn ). For an extrinsic semiconductor, 'tA is inversely proportional 
to the square of the majority carrier density. For the intrinsic case, however, the Auger 
lifetime can be obtained from eqns. (3.33) 
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(3.34) 
which shows that the intrinsic Auger lifetime is inversely proportional to the square of the 
intrinsic density. 
Under high injection conditions, &ZS and Aps»no. Po Auger recombination may 
also become the predominant recombination process. In this case, the Auger lifetime is 
given by 
= (3nf) 'to 
A •• 2 I 
~ts 
(3.35) 
where 'ti is the intrinsic Auger lifetime given by eqn. (3.34). Eqn. (3.35) shows that the 
Auger recombination lifetime under high injection conditions depends strongly on the 
density of the excess carriers (inversely proportional to the square of the excess carrier 
density), while at low injection conditions 'tA is independent of &ZS (and the intensity of 
light). 
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3.3 PHOTOCONDUCTIVE FREQUENCY RESOLVED 
SPECTROSCOPY 
3.3.1- Introduction 
The technique of frequency resolved spectroscopy (FRS) has been shown to have 
significant advantages over the TRS technique [7]. One of a family of frequency resolved 
spectroscopy (FRS) techniques is Photoconductive Frequency Resolved Spectroscopy 
(PCFRS) which has been demonstrated as a powerful technique recently developed for 
studying the recombination kinetics of semiconductor systems. In the basic form of FRS 
the optical excitation is modulated with a small amplitude sine wave. By using lock-in 
detection the ac response of the sample to the modulation is measured either in phase or 
quadrature to the phase of the excitation modulation. Sweeping the modulation frequency 
logarithmically as a result generates a lifetime distribution directly. 
A description and analysis of the photoluminescence frequency resolved 
spectroscopy (PLFRS) technique for a linear system (first order kinetics), at low trap 
density (~n=~p), was given by Depinna and Dunstan [7]. Their work was extended 
further by analysing the PCFRS technique for systems displaying first and second order 
kinetics [21],[71]. 
3.3.2- Basic theory of the PCFRS technique 
In this section, the theoretical and experimental aspects of the PCFRS are presented. 
PCFRS constitutes the photoconductive version of the FRS techniques. The PCFRS 
experiment consists of exciting a sample by a small sinusoidally modulated light and 
measuring the sample response to this signal using a lock-in amplifier. The basic circuit 
used to detect the PCFRS signal is shown in figure 3.8. If the semiconductor sample is 
illuminated at constant excitation, I=Ic' which contains photons with energies greater than 
the bandgap energy of,the semiconductor, then electron-hole pairs will be generated in the 
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sample. The creation of excess carriers by the absorbed photons will result in a change of 
the electrical conductivity in the semiconductor. This phenomenon is known as the 
photoconductivity effect in a semiconductor. Obviously when the initial transients past a 
steady-state regime is established and the steady-state photoconductivity dO's can be 
obtained by rewriting eqn. (3.2) 
Where J..Ln is the electron mobility, J..Lp is the hole mobility and m =J..LplJ..Ln . 
Light 
Sample 
v-=-
Figure 3.8 Photoconductivity detection experiment for the excess carrier lifetime 
distribution measurement in a semiconductor. 
(3.36) 
In the PCFRS technique we essentially measure the lifetime distribution in the 
steady-state. The intensity of light can be sinusoidally modulated at an angular frequency 
0) and may be written as 
43 
I = Ie (1 + bsinoot) 
b = 1m / Ie b < < 1 
(3.37) 
where b is the modulation level, and 1m is the amplitude of the modulating signal. Since 
the excitation has a dc (constant) component and ac (time dependent) component, then the 
excess carrier density L1n and consequently the photoconductivity L10' will also be functions 
of time. When a small amplitude modulation is applied, i.e. b«l the time dependent 
component of the excitation will be only a small perturbation to the continuous excitation 
and by using a lock-in amplifier the constant value dose not affect the measurements. In 
case of a quasi-static regime the excess carrier densities (and then the photoconductivity) 
remain essentially the same as for the steady-state and only a small deviation from this 
steady-state is created due to the amplitude modulation of excitation. 
The photoconductivity under quasi-static conditions L10' consists of two components: 
the steady-state photoconductivity L1O's and a small time-variant component 00' due to 
the amplitude modulation of the excitation. Since b«l we have 00'< <L1O's' 
Figure 3.9 illustrates the lock-in amplifier with the associated signals which is used for 
detecting photoconductivity. Let Ult) be the lock-in input which represents the sample 
response (proportional to the photoconductivity) and R(t) the lock-in response function 
(reference signal). 
R(t) 
Lock-in response function 
" 
Lock-in 
-
u (t) 
a 
u (t) --___ .~I 
i 
Lock-in input 
Amplifier 
Lock-in output 
Figure 3.9 Schematic ,circuit used for detecting photoconductivity. 
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The PCFRS response (lock-in output), Uo may be written as 
0) 
21t 
21t/oo f Ch (t) R( t) dt 
o 
Under small signal conditions (b«l) we can write 
00 r21t/oo Uo = 2~ 21t JO [Bn(t) + mBp(tijR(t)dt 
(3.38) 
(3.39) 
The constant ~, which relates the lock-in output Uo(t) and the photoconductivity is given 
by (from ref. [103]) 
where M is given by 
~ = IMq.f.!n 2 . 
M = C rj R,,V 
(RL + rs)2 
(VOcm) 
and C is the proportionality constant (which is a function of sample dimension). 
(3.40) 
(3.41) 
In case of quadrature response with the lock-in reference R(t) taken from the 
modulating signallmsinoot is given by [7] 
R(t) = - cosoot (3.42) 
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while for the case of the in-phase response 
R( t) = sinrot (3.43) 
3.3.3 - PCFRS in case of low trap density (An=Ap) 
When a semiconductor is illuminated by a sinusoidally modulated light, excess 
carriers will be generated. In the case of a low trap density (An = ~ ), the lock-in output 
from eqn. (3.39) can be written as 
r2rc/ro U" = 2~:rc (J + m) JO On(t)R(t)dt 
To obtain the lock-in output, first we have to solve the rate equation to find on{t) 
dAn 
dt 
= g-r 
(3.44) 
(3.45) 
where An denotes the excess carrier due to the instantaneous excitation (sinusoidal 
amplitude modulation) with An = An" + On , An" is the electron density under steady-state 
conditions, while g is the generation rate and r is recombination rate. 
Let us consider a general system in which the general recombination rate can be 
represented by (An!,t) + r{An)2 ,where 't represents the mean lifetime of an electron-
hole pair, and r is the recombination coefficient. Then the rate equation is 
(3.46) 
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Eqn. (3.46) reduces to the rate equation of a purely linear recombination when r=o, 
as well as a purely quadrature recombination when 't ~ 00 • 
In the steady-state conditions, dfln/ dt = 0, g = gs and fln = flns ' and we find from eqn. 
(3.46) that 
flns = 2g, 't (3.47) 1 
1 +(1 + 4rgs't2)Z 
or 
fln" = 2il't (3.48) -A-g, 
a+'t 
where 
A 't (3.49) a = 1 
(1+4rgs't2)2 
Obviously, for linear recombination r=o, then eqn. (3.49) gives &: = 't , and eqn. 
(3.48) reduces to flns = g, 't, where &: represents here the steady-state recombination 
lifetime. As mentioned before, for a purely quadratic recombination, 't~oo in eqn. (3.49) 
hence 
"-
a= 
1 (3.50) 
and eqn. (3.47) reduces to 
fln = (gs)-f 
s r (3.51) 
then we can write 
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" 'tR a= 2' (3.52) 
As the excitation is amplitude modulated by a small sine wave we may write 
g( t ) = g, + og( t ) 
(3.53) 
og(t) and on(t) represent the ac components in get) and &z(t). Putting these in eqn. 
(3.46) and using eqn. (3.48) for &Z" we find, after rearranging 
dOn On 
= Og - ---;-
dt a 
(3.54) 
In this eqn. (3.54), only first order terms in on(t) are taken into account. In order to solve 
eqn. (3.54), we have to express both og(t) and on(t). 
Let 
Og = E sinrot 
On = n'E sin(rot-<\» 
where <\> is the phase shift between the excitation and the response from the sample. 
The quadrature lock-in output is then given by [21] 
(3.55) 
ro&,2 
U = ~E(J + m) ( " ) 2 
oq roa + 1 (3.56) 
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Figure 3.10 shows the plot of lock-in output (PCFRS response) as a function of 00. 
The plot is a symmetric Lorentzian on a log 00, peaked at oopa = 1 , i.e. 
and the amplitude of the quadrature lock-in output at the peak frequency oop is 
w 
en 
z 
o 
a. 
en 
w 
a: 
en 
a: 
u.. 
o 
a. 
................•... 
lOG (J) 
• ••••. in-phase 
- quadrature 
Figure 3.10 The quadrature and in-phase PCFRS responses as a function of 00 [21]. 
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(3.57) 
(3.58) 
This analysis shows that the quadrature PCFRS response at low trap density is a 
symmetric Lorentzian on a log-frequency scale, with its peak at ffip &. = 1 {eqns. (3.56) 
and (3.57)}, giving the steady-state recombination lifetime 't directly (except by a factor of 
2 in the case of quadratic recombination). The peak amplitude of the PCFRS response is 
proportional to the amplitude modulation E. 
For a linear recombination, when the recombination lifetime does not vary with 
excitation intensity, the PCFRS is also independent of the DC component of the excitation 
whereas for quadrature recombination it varies with the square root of excitation. 
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3.4 - ANALYSIS FOR THE AUGER RECOMBINATION LIFETIME 
USING PCFRS THEORY 
An analysis has been done for the Auger recombination lifetime in the frequency 
domain by using the theory of Photoconductive Frequency Resolved Spectroscopy 
(PCFRS). 
This analysis can be used to interpret the carrier lifetime distribution that might be 
obtained when PCFRS experiments are to be carried out and the Auger recombination 
process is supposed to be the dominant process. 
3.4.1 - Introduction 
In Auger recombination, the energy involved on recombination of a band electron 
with a band hole (interband recombination) is transferred to a third carrier. This process 
takes place when three particles collide (interact) simultaneously, for example two 
electrons and a hole or two holes and an electron. Such an interaction may result in a 
recombination of one electron and one hole and the transfer of the third carrier to a higher 
energy level in the band thus creating a highly energetic charge carrier. However, this 
latter carrier will soon share its energy with other carriers in the band. 
Figure 3.7 in its four parts symbolizes these two processes and their inverses, with 
energy transfer to an electron and a hole respectively [102]. 
Auger recombination was once thought to be too rare to be of importance in 
semiconductors, but it is now known that this is not so [97]. 
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3.4.2 - Analysis of Auger recombination using PCFRS theory 
The two processes involved in Auger recombination actually occur in parallel; one 
includes electron-electron collisions and the other hole-hole collisions. The main features 
of this process can be found from solving the rate equation for Auger recombination. 
Obviously the probability of a triple collision of two electrons and a hole (figure 
3.7a) is proportional to n2p and for two holes and an electron (figure 3.7c) it is 
proportional to p2n. Thus the rate of Auger recombination in equilibrium conditions for a 
non-degenerate semiconductor can be written as 
(3.59) 
The Auger recombination rate under nonequilibrium conditions is given by 
(3.60) 
where nand p represent the nonequilibrium electron and hole densities, respectively, and 
n = no + dn, p = Po +!l.p . Therefore, the excess recombination due to Auger process under 
steady-state conditions is obtained from eqns. (3.59) and (3.60), and the result is 
(3.61) 
where C and C are the Auger recombination coefficients for energy transfer to third 
n p 
carrier either an electron or a hole. 
Now, let us write down the rate equation (the rate of change of electron and hole 
densities) for the Auger recombination 
., 
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dn 
dt 
dp 
= = g-rA 
dt 
where g is the generation rate which is proportional to the excitation intensity. 
Taking eqn. (3.61) into eqn. (3.62) we get 
Substituting in eqn. (3.63) 
p = Po +Ilp 
(3.62) 
(3.63) 
(3.64) 
where Iln and IIp are the excess electron and hole densities respectively due to excitation 
we obtain 
On arranging the terms in order of increasing Iln and IIp, we obtain 
dlln = g -Cn(n;Il[J+2nopolln+poIln2+2nollnllp+1ln21l[J) 
dt 
_ Cp(p;1ln + 2noPollp+ nollp2 + 2Pollplln+ Ilp21ln) 
(3.65) 
(3.66) 
It is necessary to assume the condition of low trap density to make sure that the 
Auger process is considerable. At low trap density we can assume Iln = IIp , then eqn. 
(3.66) becomes 
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d&z = g -C
n
(n:&Z+ 2noPo&z+ PO&z2 +2no&z2 +&z3) dt 
-Cp(p:&Z+2nopo&z+no&z2 +2Po&z2 +&z3) 
(3.67) 
We shall now find the lifetime for Auger recombination for the cases of low and high 
injection levels (excitation levels). 
• At low injection level 
In this case &z and dp«no'po' considering only first order terms in ~n the rate 
equation (3.67) reduces to 
(3.68) 
d&z 
where n: = nopo is the intrinsic density. Under steady-steady condition, -;It = 0, 
g = g" &z = dns ' therefore 
(3.69) 
then, we may write 
(3.70) 
where 't A is the Auger lifetime 
(3.71) 
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Now, we can re-write the rate equation eqn.(3.68) as follows 
d&t 
dt 
&t 
= g--
'tA 
(3.72) 
Equation (3.72) is similar to equation (3.46) when (r=O). Therefore, the quadrature lock-in 
output Uoq(t) is given by 
(3.73) 
The plot of the quadrature PCFRS response eqn. (3.73) as a function of logro, illustrates a 
symmetric Lorentzian peaked at rop't A = 1 (see figure 3.10), i.e. 
1 2( ) 2 C 2 CO = 21tJ, = - = 2n; Cn + Cp + c: no + p Po p p 't 
A 
(3.74) 
This means that knowing the peak frequency from the peak position of the PCFRS 
response, we can determine the Auger lifetime 'tA directly. 
The peak amplitude at the peak frequency cop is given by 
(3.75) 
For the intrinsic case, however, the Auger lifetime 'tA can be obtained from eqn. 
(3.71) when no=po=ni 
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(3.76) 
which shows that the intrinsic Auger lifetime is inversely proportional to the square of the 
intrinsic density. 
Obviously, if !l.n=!J.p, then 'tn='tp- For the case of a strongly n-type semiconductor 
no»po we find from eqn. (3.68) 
1 
'tn = 'tp = (3.77) 
For the case of a strongly p-type semiconductor po»no 
(3.78) 
Hence, we may conclude that for Auger recombination at low injection level, the kinetics 
is first order and the recombination lifetime can be obtained directly from the peak 
position of the PCFRS response. At a given temperature, Auger recombination lifetime is 
influenced by the doping of the semiconductor. It is clear from eqns. (3.77) and (3.78), 
Auger recombination lifetime depends strongly on the density of majority carriers, and 
collisions between the latter increase the rate of this recombination. 
At low injection level, there is only one lifetime when band-to-band Auger 
recombination dominates a semiconductor [102], and the Auger lifetime 'tA is independent 
of !J.ns (and so the intensity of light) eqn. (3.74). 
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• At high injection level 
Under high injection conditions, &ZS and l:ips»no' Po, Auger recombination may 
also become the predominant recombination process. In this case, only the terms of the 
highest powers of &z in the rate equation eqn. (3.67) are considered and dropping other 
terms, then 
d&z ( ) 3 
- = g - Cn + Cp &z dt (3.79) 
Under steady-state conditions 
(3.80) 
Then, the Auger lifetime is given by 
(3.81) 
Eqn. (3.81) shows that the Auger recombination lifetime under high injection 
conditions depends strongly on the density of the excess carriers (inversely proportional to 
the square of the excess carrier density). 
Also, from eqn. (3.80) we may write down the steady-state value of the excess 
carrier density in terms of intensity using eqn. (3.6) 
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1 1 
8n, =( c.:cJ =( ~(~~Cp) r 
1 
The dependence is of the type &1,\' oc /3. 
In case of a sinusoidally amplitude modulation, we may write eqn.(3.79) as 
Using eqn.(3.81) 
dOn =og- ~n 
dt 'tAh 
(3.82) 
(3.83) 
(3.84) 
Where only first order terms in On are taken into account, and -tAh = 'tA)'3. As eqn (3.84) is 
similar to eqn (3.54), hence we can write down the same result for the quadrature lock-in 
output 
"2 
j: ( ) O)'t Ah Uoq = ~E 1 + m 2" 2 1 
0) 'tAh + 
(3.85) 
Again, the lifetime distribution defined by eqn. (3.85) represents a symmetric 
Lorentzian curve. To find the peak value of Uoq' we take the derivative of U with oq 
respect to ro-tAh 
(3.86) 
hence 
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(3.87) 
As eqn.(3.85) is peaked at ffip iAh = 1 , therefore we have 
1 /ln 2 
ffi = 21Cf. =-= 3(C +C )/ln2 =-" p P ~ n P " 2,.,. 
"Ah ni "i 
(3.88) 
At the peak frequency, the peak amplitude is given by 
U ( ) 1~ (1)A ~e(J+m) ffi - - e + m t - ---;-~'---~-Opeak p - 2 Ah - 6( C
n 
+ Cp)/ln.; (3.89) 
Equations (3.85) to (3.89) describe the PCFRS response for Auger recombination at 
high injection level for which the rate equation is described by eqn. (3.79). Eqn. (3.88) 
indicates the possibility of evaluating the excess carrier lifetime for Auger recombination 
at high injection level from the peak frequency of the PCFRS response directly. 
We will use this analysis to interpret systems in which the Auger recombination is 
the dominant process. 
3.4.3 - Temperature dependence of Auger recombination 
In practice, when radiative recombination is considered, there will always be an 
Auger component as well, this must predominate at some sufficiently high temperature. 
Radiative recopIbination is the limiting process between 200K and 350K, but the 
Auger recombination process assumes control above -350K [97]. Moreover, Auger 
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recombination is usually the predominant recombination process for small-bandgap 
semiconductors, heavily doped semiconductors, and for semiconductors operating at very 
high temperatures, or under very high injection conditions. 
Really, the intrinsic lifetime 'ti is usually the quantity of most interest. The typical 
temperature dependence of'ti is that of the exponential factor as evidenced by the fact that 
the intrinsic density is 
where 
I1E 
n~ = NeE e- kT 
I v 
Nc is the effective density of the electron states in the conduction band 
P v is the effective density of the hole states in the valence band 
M is the gap energy 
k is Boltzmann's constant 
T is absolute temperature 
(3.90) 
Substituting the value of nj2 eqn. (3.90) in terms of temperature into the expressions of ffip 
and U Opeak at low and high injection conditions we may find its temperature dependence. 
At low injection level eqn. (3.74) becomes 
I1E 
ffip = 1...- = 2~J?,e- kT (Cn + Cp)+ Cnn; + CpP; 
'tA 
(3.91) 
And the temperature dependence of 'ti for the intrinsic case can be written from eqn. (3.76) 
(3.92) 
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Consequently, the peak: value of the PCFRS response of eqn. (3.75) becomes 
1 1 
= -~E(J + m)------;-::t:.E:---------
2 2N P e - kT (C + C ) + C n2 + C p2 
cv n p no po 
(3.93) 
but for the intrinsic case 
(3.94) 
At high injection level, we may write the temperature dependence of Auger 
recombination lifetime from eqns. (3.82) and (3.88) 
J 
A _.I(3n;2"C;)J 
"C Ah - 3 2 gs (3.95) 
The temperature dependence of n/"C; is [102] 
(3.96) 
Then 
(3.97) 
The value of the threshold energy Et for impact ionization is roughly equal to 1.5M, 
where M is the energy bandgap of the semiconductor. Equations (3.95) and (3.97) show 
., 
that the Auger lifetime depends exponentially on both the temperature and energy bandgap 
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of the semiconductor, as the exponential factor provides most of the temperature 
dependence [102]. 
3.4.4 - Discussion and conclusion 
As with radiative and non-radiative recombination there is only one lifetime when 
band-to-band Auger recombination dominates a semiconductor [102]. 
For Auger recombination at low injection levels, the kinetics is first order and the 
recombination lifetime can be obtained directly from the peak position of the PCFRS 
response eqn. (3.74). The lifetime is independent of the steady-state nonequilibrium Ilns 
(and the intensity of light), and the latter is proportional to the excitation intensity IlnsocI 
eqns. (3.70) and (3.6). 
The intrinsic Auger lifetime is an exponential function of the temperature and energy 
bandgap {see eqn. (3.92)}. We can observe here that the temperature dependence of the 
Auger lifetime in an extrinsic semiconductor is not as strong as in an intrinsic 
semiconductor. However, due to the strong temperature dependence of the Auger lifetime, 
it is possible to identify the Auger recombination process by analyzing the measured 
lifetime distribution versus temperature in a semiconductor. 
For a heavily doped semiconductor, eqns. (3.77) and (3.78) predict that Auger 
lifetime is inversely proportional to the square of the majority carrier density. The Auger 
recombination mechanism has been found to be the dominant recombination process for 
many degenerate semiconductors as well as in small-bandgap semiconductors. 
Under high injection level, Auger recombination may also become the predominant 
recombination process, and the Auger recombination lifetime may be described by eqn. 
J (3.88). In this case, the lifetime depends on Iln.;, of a dependence of a type Iln.,. oc {J eqn. 
(3.82). 
The dependence of Auger lifetime on temperature in this case is also of exponential 
form eqn. (3.97). 
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As discussed above, Auger recombination is usually the predominant recombination 
process for small-bandgap semiconductors such as InSb, heavily doped semiconductors, 
and for semiconductors operating at very high temperatures or under high injection 
conditions. 
We have presented here an analysis of the lifetime distribution in a semiconductor 
system under quasi-static excitation when Auger recombination process is considered as 
the dominant process. This analysis can be applied directly to interpret data that might be 
obtained from the photoconductive frequency resolved spectroscopy experiments. 
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Chapter 4 - Experimental Details 
4.1 - INTRODUCTION 
Detailed knowledge of the electrical characteristics of the processed H+ implanted 
and He+ implanted silicon material are essential to the optimization of these processes. The 
specific aim of this project is to compare the behaviour of these materials prepared in 
different ways and conditions. In this chapter we deal with the apparatus and experimental 
details of the PCFRS measurements as well as of sample preparation. In section 4.2 we 
give a list of samples and describe the sample preparation conditions. Section 4.3 describes 
the PCFRS experimental setup, and in section 4.4 we describe the sample holder which we 
have designed and implemented to carry out the high temperature measurements (up to 
450K). 
4.2 - SAMPLE PREPARATION 
4.2.1 - Sample description 
Experiments were performed on device grade silicon subjected to H+ implantation 
and He+ implantation at the University of Surrey to achieve proximity gettering of heavy 
metal impurities. 
The main aims of the experiments carried out on these samples are to evaluate the 
influence of H+ implantation and He+ implantation and thermal processing upon the 
quality of these materials and to compare the quality of samples produced by different 
processes. 
The experiments were performed on bulk silicon, annealed silicon, H+ implanted 
bulk Si, He+ implanted bulk Si, and H+, He+ implanted/annealed Si samples. 
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The starting silicon substrate used for all samples was p-type (100) doped with 
boron, 17-230 cm. H+ ions were implanted at 200keV at room temperature and a dose 
lxlO16 H+/cm2. For He+ implanted Si samples, He+ ions were implanted at 450keV at 
room temperature and a dose lxlO16 He+/cm2. Samples were annealed in a furnace with a 
nitrogen atmosphere, in the temperature range 700-1000oC, for thirty minutes. The 
principal characteristics of all the samples are listed in table 4.1. 
IMPLANT CONDITIONS 
SAMPLE DOSE IMPLANTATION ENERGY POST-ANNEAL TEMPERATURE 
Bulk Si BSi 
- - - -
Annealed ABSiAI 
- - - 70BC-30min 
Bulk Si 
ABSiDI 
- - -
1000> C -30min 
HAS-16 lxd 6H+1 em2 Room Temperature 200keV ( [\-s-Implanted) -
d 6 + 2 Room Temperature 200keV 70BC-30min + H116AI Ixi H I em H -Implanted 
Si 
d 6 + 2 80Bc-3Omin HI16BI Ixi H I em Room Temperature 200keV 
H116DI d 6 + Ixi H I em 2 Room Temperature 200keV 1000>C -30min 
HeAs16 d6 + 2 Room Temperature 450keV ( I\s-Implanted) Ixi Hel em -
d6 + 2 Room Temperature 450keV 70BC-30min HeI6AI Ixi Hel em 
+ He -Implanted 
Si HeI6BI d6 + 2 Ixi Hel em Room Temperature 450keV 80BC-30min 
He16D1 d6 + 2 Ixi Hel em Room Temperature 450keV I 000> C -30min 
Table 4.1 List of samples used in the PCFRS experiments and their main processing. 
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4.2.2 - Deposition of ohmic contacts 
Ohmic contact were made to the samples by evaporation of aluminium (AI) stripes in 
order to perform the electrical measurements. Prior to the contact deposition the wafers 
were cut in to small pieces (3x3mm) and the sample was first given a short (30sec) etch in 
40% HF (hydrofluoric acid) solution to remove the surface oxide, followed by rinsing in 
deionized water and N2 blow dry. The Al contacts were deposited by evaporation through 
a simple shadow mask to define the contact geometry. The Al layer was ..... 5000 A thick and 
the planar contacts were lx3mm stripes with a ..... lmm wide planar gap. The sample was 
washed consecutively with acetone, isopropyl alcohol (Propanol-2-ol) and methanol and 
finally rinsed in deionized water (3 times 30 seconds each in ultrasonic bath) and N2 blow 
dry. Figure 4.1 shows the schematic of the sample geometry. 
;:O::L •••••••••••• Void Layer 
Substrate 
Figure 4.1 Schematic of sample geometry for bulk Si, annealed bulk Si, as-implanted 
bulk Si, H+ implanted, and He+ implanted, samples with ohmic contacts 
(dimensions in Ilm). 
After the ohmic contacts have been formed the samples were sintered by heating to 
2500 C for 15 to 30 minutes using a thermostatically controlled hot plate. Before being 
mounted in the sample holder, the quality of the contacts was then confirmed by 
measuring the I-V characteristics using a curve tracer. 
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4.3· PCFRS EXPERIMENTAL DETAILS 
The PCFRS technique has been described [19][104], and summarised briefly in 
[105]. The technique monitors the frequency dependence of the photoconductive response 
of a sample in quadrature to a sinusoidally modulated excitation, usually with a 
modulation level of less than 25% of the DC level, using lock-in detection. 
Logarithmically sweeping the modulating frequency between 10Hz and 200kHz then gives 
the lifetime distribution of the sample directly as a spectrum without further processing. 
The frequency range used allows the measurement of lifetimes between 16msec and 0.81l 
sec to be made. 
For a simple single lifetime centre the quadrature PCFRS signal is symmetric about a 
peak frequency given by fp= 1I21t't where 't is the carrier lifetime, and has a width at half-
height of 1.4 decades. 
The samples were mounted on a X-Y stage (room temperature measurements only) 
in the spectrometer so that spatial mapping of the samples could be performed. A DC bias 
was applied to the samples to provide an electric field between the electrodes. The light 
from the Light Emitting Diode LED was coupled to the sample by an optical fibre. The 
illuminated spot on the sample was about 0.7mm diameter. The sample was coupled to a 
variable load resistor (100n- lOMn) which allowed the signal that goes to the lock-in 
amplifier to be adjusted. Figure 4.2 shows the schematic of the PCFRS spectrometer. 
The samples were illuminated with a high power GaAs LED emitting infra-red at 
-940 nm coupled to the sample by optical fibre. A programmable pulse/function generator, 
Hewlett-Packard 8116A, provides the biasing and modulation signals for the LED over a 
range of frequencies from ImHz to 50MHz. To monitor the excitation intensity another 
LED was operating in series with the first one. A resistor in series with this LED provides 
an absolute measure of the excitation phase and is used as a phase reference. The voltage 
across the sample load resistor is then fed to a Brookdeal 5206 lock-in amplifier set in 
quadrature to the excitation phase by switching at each frequency back to the LED 
reference signal. A Hewlett-Packard 3488A switch/control unit is used to change the lock-
in input between the reference LED and the sample. 
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signal 
generator 
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Figure 4.2 Schematic of the PCFRS spectrometer. 
..I 
reference 
signal 
switch/control unit 
The spectrometer and data collection is fully automated and under computer control. 
The computer sets the frequency, waits for a time to allow phase acquisition and then 
records the output from the lock-in amplifier. A block diagram of this PCFRS 
spectrometer is shown in figure 4.3. 
PCFRS measurements were performed at different temperatures by placing the 
sample in an Oxford Instruments DN704 liquid nitrogen cryostat in which the temperature 
could be varied and controlled between 77K and 450K. The temperature was measured 
using a calibrated platinum resistance thermometer mounted directly on the sample block. 
This thermometer is coupled to a Keithley 196 multimeter in order to measure its 
resistance. The desired temperature is set using an Oxford Instruments DTC2 digital 
temperature controller. The sample temperature was held steady to ±O.2K. The sample 
space is evacuated and filled with He to a pressure of approximately 1 bar. The sample was 
optically coupled to the spectrometer by an optical fibre running down the cryostat. 
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excitation 
module 
reference 
signal 
optical fibre 
Figure 4.3 Block diagram of the automated PCFRS spectrometer used for the room 
temperature measurements. 
The experiments were carried out under different DC light intensities. In all the 
experiments an infrared LED was used. Table 4.2 lists the temperature and light intensity 
ranges in which these experiments were performed as well as the value of sample 
resistance for all the samples. The complementary apparatus for the variable temperature 
measurements is shown in figure 4.4. 
A calibration curve to convert the arbitrary units (A.U) of light intensity into energy 
units (mW) has been given in [21]. The calibration curve was generated by replacing the 
pulse generator and the excitation module by an Ar+ Spectra-Physics Series 2000 ion laser 
system in which case the intensity of the light coming out was known. This calibration 
curve is shown in figure 4.5. 
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Figure 4.4 Complementary apparatus for the variable temperature PCFRS measurements. 
PCFRS X INTENSITY PCFRS X TEMPERATURE SAMPLE 
SAMPLE RESISTANCE 
INTENSITY TEMPERATURE TEMPERATURE INTENSITY AT ROOM 
RANGE TEMPERATURE 
BSi 840A.U Room Temperature 262-313K 135 & 840 A.U -200 n 
ABSiAl 840A.U Room Temperature 271-342K 135 & 840A.U -200 n 
ABSiDl 840A.U Room Temperature 242-328K 135 & 840 A.U -200 n 
HAS·16 840A.U Room Temperature 206-334K 135 & 840A.U -200 n 
H116Al 840A.U Room Temperature 249-322K 135 & 840 A.U -200 n 
H116Bl 840A.U Room Temperature 263-323K 135 & 840A.U -200 n 
H116Dl 840A.U Room Temperature 254-318K 135 & 840A.U -200 n 
HeAS16 840A.U Room Temperature 238-322K 135 & 840 A.U -200 n 
He16Al 840A.U Room Temperature 237-320K 135 & 840A.U -200 n 
He16Bl 840A.U Room Temperature 240-318K 135 & 840 A.U -200 n 
He16Dl 840A.U Room Temperature 242-323K 135 & 840A.U -200 n 
Table 4.2 Experimental conditions for the PCFRS measurements for each of the samples 
listed in tab,le 4.1. 
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Figure 4.5 Calibration curve for the light intensity coming out the LED (940nm) [21]. 
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4.4 - DESIGN AND IMPLEMENTATION OF A SAMPLE HOLDER 
FOR HIGH TEMPERATURE MEASUREMENTS 
To achieve measurements at high temperatures up to 450K, we designed and 
implemented a sample holder to replace an existing holder which has a temperature range 
80K-300K. 
4.4.1 - Details of the design 
Figure 4.6 shows a schematic of the sample holder for high temperature 
measurements up to 450K. In designing this sample holder many factors were considered 
(dimensions, materials, type of optical fiber, contacts and connecting wires, and 
thermometer) : 
• It has the same dimensions of the old sample holder in order to fit into the cryostat. 
• Brass and stainless steel are the materials used in implementing the sample holder 
which can withstand high temperatures. 
• We used glass optical fiber of gauge 1001140, because glass fiber has a high melting 
temperature. We used a bundle of 10 glass optical fibers to collect a large amount of light 
from the light source to illuminate the samples, . 
• Initially we were using silver dag to join wires to the ohmic contacts, but the silver dag 
was found not to withstand temperatures higher than 100oC. Therefore we decided to use 
silver loaded epoxy since this was found to perform well at temperatures up to 450K. The 
silver loaded epoxy consists of two substances (resin and hardener), equal amounts from 
these substances should be mixed thoroughly then heated for 20-30 minutes at 1000 C in 
an oven before being used. Copper wires with a PTFE sheath were used for biasing the 
sample and for the thermometer connections, all these wires go down inside the cryostat 
through the sample holder tube. 
• A calibrated Platinum resistance thermometer of a wide temperature range of 
operation 70K to 550K was used as a temperature sensor. 
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Figure 4.6 Design of the sample holder for high temperature PCFRS measurements: 
(a) The complete sample holder unit (b) Outer connectors for the optical fiber, 
bias voltage and thermometer wires (C) The sample block. 
73 
Chapter 5 EXPERIMENTAL RESULTS 
5.1 - INTRODUCTION 
PCFRS experiments were performed on processed H+ implanted and He+ implanted 
silicon samples to investigate the influence of the implantation and the thermal processes 
on these materials by analysing the changes in the lifetime distribution. These materials, 
implanted and processed at the University of Surrey, were prepared under different 
conditions. The measured samples are listed in table 4.1. 
Before the realization of the PCFRS measurements, the I-V characteristics of all the 
samples have been measured on a curve tracer to check for linearity to check that good 
ohmic contacts had been formed. 
The lifetime distribution for samples exposed to a high light intensity at room 
temperature, and PCFRS measurements, at different excitation levels and temperatures, 
were the main experiments performed, Table 5.1 lists these experiments and the 
parameters that were analysed. 
We report in sections 5.2 and 5.3 the PCFRS measurements performed at room 
temperature and at different temperatures, respectively with the results obtained, on a bulk 
silicon sample, annealed bulk silicon samples, H+ implanted/annealed silicon samples, and 
He+ implanted/ annealed silicon samples. 
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EXPERIMENT PARAMETERS OBJECTIVE 
ANALYSED 
Quadrature (Q) PCFRS Peak amplitude (Q) From the lifetime distribution, we can 
at room temperature Peak frequency (Q) distinguish whether the system is 
dominated by a single time constant 
or by more than one time constant. 
Quadrature PCFRS at Peak amplitude x T The dependence of peak amplitude and 
different temperatures Peak frequency x T peak frequency on temperature gives 
information on the trapping mechanism 
(single and multiple trapping). 
The trap energy can be obtained from an 
Arrhenius plot when the evolution of peak 
frequency varies exponentially with temp-
erature. 
Table 5.1 A list of the main experiments performed on the samples and the parameters 
analysed. 
5.2 - PCFRS MEASUREMENTS AT ROOM TEMPERATURE 
The quadrature PCFRS responses for all the samples listed in table 4.1 are shown in 
figures 5.1-5.4. These samples were measured at room temperature for a typical light 
intensity value. These responses are fitted by theoretical curves (dotted lines) representing 
a single Lorentzian curve or a summation of more than one Lorentzian. 
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The experimental PCFRS response represents the full lifetime distribution for the 
samples under test. To extract individual contributions to the distribution it is necessary to 
fit using theoretical curves. The theoretical fit is made using software prepared for this 
purpose according to Louren~o et al. [71]. It provides a single Lorentzian curve or curves 
representing sums of two or more Lorentzian curves. 
The unprocessed bulk silicon (figure 5.1) shows at room temperature, a PCFRS 
response dominated by a principal time constant which is evidenced by the good 
agreement between the theoretical curve for a single time constant and the experimental 
results. 
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Figure 5.1 The quadrature PCFRS response for the unprocessed bulk silicon (BSi). The 
plot shows the quadrature PCFRS response and a theoretical curve (dotted line) 
obtained by assuming a lifetime distribution dominated by a single time 
constant 
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Figure 5.2 shows the quadrature PCFRS responses for the annealed bulk silicon 
samples. The quadrature PCFRS spectrum for the sample annealed at 700°C is dominated 
by a single time constant while for the sample annealed at lOOO°C is broader than a single 
Lorentzian, an indication of a lifetime distribution dominated by more than one time 
constant. 
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Figure 5.2 The quadrature PCFRS spectra for the annealed bulk silicon samples, annealed 
at 700°C (ABSiAl) and lOOO°C (ABSiDl). The dotted lines represent the 
theoretical fits. 
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For a hydrogen implanted/annealed silicon, the PCFRS spectra are shown in figure 
5.3. The PCFRS spectra are always broader than a single Lorentzian, i.e., composed of 
more than one time constant. 
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Figure 5.3 The quadrature PCFRS spectra for the hydrogen implanted/annealed silicon 
samples, annealed at 700°C (H116Al), 800°C (H116Bl) and lOOO°C 
(Hl16Dl). The dotted lines represent the theoretical fits. 
78 
Figure 5.4 shows the quadrature PCFRS spectra for the helium implanted/annealed 
silicon samples. The PCFRS spectra for these samples were fitted by theoretical curves 
composed of more than one Lorentzian curve. 
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5.3 - PCFRS measurements at variable temperature 
Measurements of the quadrature PCFRS response at different temperatures were the 
main experiments performed. We have measured the variation in the PCFRS spectra as a 
function of temperature within the range 450K to 80K. 
We describe here the results obtained for each sample. To quantitatively analyse the 
experimental data, theoretical curves representing a single Lorentzian or a sum of such 
curves were fitted to these data. 
5.3.1 - Bulk silicon sample 
The quadrature PCFRS spectra for the bulk silicon (BSi) sample obtained at different 
temperatures (315-115 K) are shown in figure 5.5. 
The spectra of the quadrature PCFRS responses show a strong dependence upon 
temperature. These spectra are broader than a single Lorentzian at temperatures T~280K 
and therefore, each of them can be fitted by the sum of three Lorentzians ah 1, ah2, and ah3 
for high light intensity and all, a12, and a13 for low light intensity over the whole 
temperature range. For temperatures T>280K, the spectra of the PCFRS responses can be 
described by a single Lorentzian curve. 
The 10gfpxlOOOrr plot for the peak frequency at high and low intensities are shown 
in figure 5.6. 
The evolution of their peak frequency with temperature shows a rapid decrease of 
the peak frequency as temperature decreases in the range 115-315K and stays nearly 
constant at lower temperatures (115-230K). 
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Figure 5.5 Quadrature PCFRS response for the unprocessed bulk silicon sample (BSi) at 
different temperatures for (a) high light intensity (b) low light intensity. The 
dotted lines represent the theoretical fits to the data. 
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represent the 1 st, 2nd and 3rd Lorentzians respectively and (b) low light 
intensity: all, a12, and al3 curves represent the 1st, 2nd and 3rd Lorentzians 
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5.3.2 - Annealed bulk silicon samples 
Quadrature PCFRS measurements were performed at different temperatures for the 
annealed bulk silicon samples, the samples were annealed at 700°C (ABSiAl) and lOOO°C 
(ABSiDl). 
5.3.2.1- ABSiA1 
Figure 5.7 shows the quadrature PCFRS spectra in the temperature range 270-340K 
for bulk silicon annealed at 700°C (ABSiAl). 
These spectra show a strong dependence upon temperature. The PCFRS response for 
temperatures T>330K can be described by a single Lorentzian curve while at temperatures 
T ~330K these spectra become broader than a single Lorentzian but can be fitted by 
theoretical curves representing a sum of two Lorentzians. 
Figure 5.8 shows the logfpxlOOOrr curves obtained from the peak frequency of these 
Lorentzians. Although the change-over temperature being 330K but no significant change 
in the slope is observed over the whole temperature range in which they are present. 
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Figure 5.7 Quadrature PCFRS spectra for the annealed bulk silicon sample ABSiAl at 
different temperatures for (a) high light intensity and (b) low light intensity. 
The dotted lines represent the theoretical fits. 
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curves represent 1st, and 2nd Lorentzians respectively at low light intensity. 
The solid lines are guides for the eye. 
5.3.2.2- ABSiDl 
For this sample which is a bulk silicon annealed at lOOO°C (ABSiD1). The 
quadrature PCFRS spectra at different temperatures is shown in figure 5.9. Again these 
spectra show a strong dependence upon temperature especially at high temperatures. The 
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PCFRS response for temperatures T>270K can be described by a single Lorentzian curve 
while at temperatures T :::;270K these spectra become broader than a single Lorentzian and 
can be fitted by theoretical curves representing a sum of two Lorentzians. 
2e-06 
(a) 
2e-06 
::J 
1 
~ 1e-06 CIl 
Z 
~ [l 
e:>:: 
CIl 
e: 
8e-07 
+ 
U 
~ 
<> 
4e-07 A 
3e-06 (b) 
2e-06 
1e-06 
<> 
~ 
+ 
A 
~ + 
<> 
<> 
+-'. 
,.i- -t', 
+ 
o 328K 
_314K 
<> 297K 
A 269K 
+ 242K 
o 328K 
-314K 
<> 297K 
A 269K 
+ 242K 
Figure 5.9 Quadrature PCFRS spectra for the annealed bulk silicon sample ABSiDl at 
different temperatures for (a) high light intensity and (b) low light intensity. 
The dotted lines represent the theoretical fits. 
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In figure 5.10 we plot the peak frequency of the PCFRS response as a function of 
temperature (logfpxlOOOIT).The evolution of peak frequency of PCFRS response shows a 
change in the slope occurs about 269K. 
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Figure 5.10 logfpX10001T for each of the Lorentzians that constitute the PCFRS spectra 
for the annealed bulk silicon sample ABSiD1: chI, and ch2 curves represent 
1st, and 2nd Lorentzians respectively at high light intensity, cll and cl2 
curves represent 1st, and 2nd Lorentzians respectively at low light intensity. 
The solid lines are guides for the eye. 
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5.3.3 • Hydrogen implanted/annealed silicon samples 
Quadrature PCFRS measurements were performed at different temperatures on 
hydrogen implanted/annealed silicon samples prepared at the University of Surrey, i.e., 
HAS 116 (hydrogen as-implanted silicon), H116Al (annealed at 700°C), H116Bl 
(annealed at 800°C), and Hl16Dl (annealed at lOOO°C). 
5.3.3.1- HAS116 
The quadrature PCFRS response at different temperatures (335-205K) for the 
hydrogen as-implanted silicon is shown in figure 5.11. At lower temperatures (T~295K) 
the PCFRS response becomes broader, indicating a more complex lifetime distribution. At 
higher temperatures (T>295K) the PCFRS spectra can be described by a single Lorentzian. 
The 10gfpxlOOOrr plot for the peak frequency at high and low intensities is shown 
in figure 5.12. 
The evolution of their peak frequency with temperature shows a rapid decrease of 
the peak frequency as temperature decreases in the range 280-335K and no significant 
dependence upon temperature at lower temperatures «280K). 
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Figure 5.11 Quadrature PCFRS response for the hydrogen as-implanted silicon sample 
(HAS 116) at different temperatures for (a) high light intensity (b) low light 
intensity. The dotted lines represent the theoretical fits. 
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Figure 5.12 logfpxlOOOrr for each of the Lorentzians that constitute the PCFRS spectra 
for the hydrogen as-implanted silicon sample .HASl16: dhl, dh2 and dh3 
curves represent 1 st, 2nd, and 3rd Lorentzians respectively at high light 
intensity, dll, d12, and d13 curves represent 1st, 2nd, and 3rd Lorentzians 
respectively at low light intensity. The solid lines are guides for the eye. 
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5.3.3.2- Hl16Al 
Quadrature Po:"RS measurements were performed at different temperatures for the 
hydrogen implanted silicon sample annealed at 700°C. The PCFRS spectra obtained for 
this sample at high and low intensities in the temperature range 250-320K are shown in 
figure 5.13. 
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Figure 5.13 Quadrature PCFRS response at different temperatures for the hydrogen 
implanted silicon sample annealed at 700°C (HI16Al) for (a) high light 
intensity (b) low light intensity. The dotted lines represent the theoretical fits. 
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Figure 5.14 shows the evolution of the peak frequency of each Lorentzian with 
reciprocal temperature, in logfpxl000rr plot. It shows a different behaviour from all other 
samples. At temperatures T>300K the PCFRS spectra can be described by a single 
Lorentzian of a constant peak frequency. In the range 250-300K the data are strongly 
dependent upon temperature and can be fitted assuming theoretical curves representing the 
sum of three Lorentzians. The position of the peak frequency for the first Lorentzian is 
constant with temperature, while the peak frequencies for the second and third Lorentzians 
are decreasing as the temperature is decreasing. 
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Figure 5.14 logfpxl000rr for each of the Lorentzians that constitute the PCFRS spectra 
for the hydrogen implanted silicon sample annealed at 700°C (HASI16): ehl, 
eh2 and eh3 curves represent 1st, 2nd, and 3rd Lorentzians respectively at 
high light intensity, ell, e12, and el3 curves represent 1st, 2nd, and 3rd 
Lorentzians respectively at low light intensity. The solid lines are guides for 
the eye. 
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5.3.3.3- Hl16Bl 
Figure 5.15 shows the quadrature PCFRS spectra in the temperature range 260-325K 
for hydrogen implanted silicon annealed at 800°C. This sample shows a strong dependence 
upon temperature. For temperatures 1'>31 OK the spectra can be fitted by a single 
Lorentzian curve while at temperatures T ~31 OK these spectra become broader than a 
single Lorentzian but can be fitted by theoretical curves representing a sum of two 
Lorentzians. 
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Figure 5.15 Quadrature PCFRS response at different temperatures for the hydrogen 
implanted silicon sample annealed at 800°C (H116B1) for (a) high light 
intensity (b) low light intensity. The dotted lines represent the theoretical 
fits. 
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Figure 5.16 shows the logfpxl000rr curves obtained from the peak frequency of 
these Lorentzians. The peak frequency decreases as the temperature decreases for the 
whole measurement temperature range. 
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Figure 5.16 logfpxl000rr for each of the Lorentzians that constitute the PCFRS spectra 
for the hydrogen implanted silicon sample annealed at 800°C (H116B 1): fhl, 
and fh2 curves represent 1st, and 2nd Lorentzians respectively at high light 
intensity, fll, and fl2 curves represent 1st, and 2nd Lorentzians respectively 
at low light intensity. The solid lines are guides for the eye. 
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5.3.3.4- Hl16Dl 
This hydrogen implanted silicon sample (H116D1) annealed at lOOO°C, was 
measured at different temperatures in the range 2SS-320K. The obtained quadrature 
PCFRS spectra at different temperatures is shown in figure 5.17. Again these spectra 
show a strong dependence upon temperature in the whole temperature range. The PCFRS 
response for temperatures T>29SK can be described by a single Lorentzian curve while the 
spectra at temperatures Tg9SK become broader than a single Lorentzian and can be 
described by theoretical curves representing a sum of two Lorentzians. 
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Figure 5.17 Quadrature PCFRS spectra for the hydrogen implanted silicon sample 
annealed at lOOO°C (Hl16D1) at different temperatures for (a) high light 
intensity and (b) low light intensity. The dotted lines represent the theoretical 
fits .. 
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In figure 5.18 we plot the peak frequency of the PCFRS response as a function of 
temperature (logfpXlOOOff) for high and low intensities. The evolution of the peak 
frequency of the PCFRS response shows no change in the slope occurs but at temperature 
T~295K we have two Lorentzian curves rather than one Lorentzian curve. 
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Figure 5.18 logfpX l000ff for each of the Lorentzians that constitute the PCFRS spectra 
for the hydrogen implanted silicon sample annealed at lOOO°C (HI16Dl): 
gh 1, and gh2 curves represent 1 st, and 2nd Lorentzians respectively at high 
light intensity, gil, and gl2 curves represent I st, and 2nd Lorentzians 
respectively at low light intensity. The solid lines are guides for the eye. 
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5.3.4 - Helium implanted/annealed silicon samples 
Quadrature PCFRS measurements were also performed at different temperatures on 
another set of samples; the helium implanted/annealed silicon samples prepared at the 
University of Surrey, i.e., HeAS16 (helium as-implanted silicon), He16Al (annealed at 
7oooC), He16Bl (annealed at 800°C), and He16Dl (annealed at lOOO°C). 
5.3.4.1- HeAS16 
The quadrature PCFRS response at different temperatures (235-320K) for the helium 
as-implanted silicon is shown in figure 5.19. 
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Figure 5.19 Quadrature PCFRS response at different temperatures for the helium as-
implanted silicon sample for (a) high light intensity (b) low light intensity. 
The dotted lines represent the theoretical fits. 
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Figure 5.20 shows the evolution of the peak frequency of each Lorentzian with 
reciprocal temperature. From these logfpxlOOOrr plots we observe that at temperatures 
T>295K the PCFRS spectra can be described by a single Lorentzian of a constant peak 
frequency. In the range 240-29SK the data are strongly dependent upon temperature and 
can be fitted assuming theoretical curves representing the sum of two Lorentzians. 
The evolution of peak frequency for the first Lorentzian is constant with 
temperature, while the evolution of peak frequency for the second Lorentzian is decreasing 
as the temperature is decreasing. 
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Figure 5.20 logfpxl000rr for each of the Lorentzians that constitute the PCFRS spectra 
for the helium as-implanted silicon sample: jhl, andjh2 curves represent 1st, 
and 2nd Lorentzians respectively at high light intensity, jll, and jl2 curves 
represent 1st, and 2nd Lorentzians respectively at low light intensity. The 
solid lines are guides for the eye. 
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5.3.4.2- He16Al 
Quadrature PCFRS measurements were performed at different temperatures for the 
helium implanted silicon sample annealed at 700°C. The obtained PCFRS spectra for this 
sample at high and low intensities in the temperature range 235-320K are shown in figure 
5.21. 
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Figure 5.21 Quadrature PCFRS response at different temperatures for the helium 
implanted silicon sample annealed at 700°C (He16A1) for (a) high light 
intensity (b) low light intensity. The dotted lines represent the theoretical 
fits. 
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The evolution of the peak frequency of each Lorentzian with reciprocal temperature 
are shown in figure 5.22, in logfpxlOOOrr plot. At temperatures T>290K the PCFRS 
spectra can be described by a single Lorentzian and it shows a strong dependence upon 
temperature with the peak frequency is decreasing as the temperature is decreasing. At 
temperatures T~90K the PCFRS spectra can be fitted assuming theoretical curves 
representing the sum of two Lorentzians. 
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Figure 5.22 logfpxlOOOrr for the two Lorentzians that constitute the PCFRS spectra 
for the helium implanted silicon sample annealed at 700°C: khl, and kh2 
curves represent 1st, and 2nd Lorentzians respectively at high light intensity, 
kIl, and kl2 curves represent 1st, and 2nd Lorentzians respectively at low 
light intensity. The solid lines are guides for the eye. 
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5.3.4.3- He16Bl 
Figure 5.23 shows the quadrature PCFRS spectra in the temperature range 240-320K 
for the helium implanted silicon annealed at 800°C. This sample shows a strong 
dependence of the PCFRS upon temperature. For temperatures T>310K the spectra can be 
fitted by a single Lorentzian curve while at temperatures T~31OK these spectra become 
broader than a single Lorentzian but can be fitted by theoretical curves representing a sum 
of three Lorentzians. 
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Figure 5.23 Quadrature PCFRS response at different temperatures for the helium 
implanted silicon sample annealed at 800°C for (a) high light intensity (b) 
low light intensity. The dotted lines represent the theoretical fits. 
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Figure 5.24 shows the logfpx1000rr curves obtained from the plot of the peak 
frequency ,fp ,of these Lorentzians. From these logfpx1000rr plot we observe that at 
temperatures T>31OK the PCFRS spectra can be described by a single Lorentzian of a 
constant peak frequency. For temperatures TS310K the data are strongly dependent upon 
temperature and can be fitted assuming theoretical curves representing the sum of three 
Lorentzians. 
The evolution of peak frequency for the first Lorentzian is constant with 
temperature, while the evolution of peak frequency for the second and third Lorentzians 
are decreasing as the temperature is decreasing. 
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Figure 5.24 logfpx1000rr for each of the Lorentzians that constitute the PCFRS spectra 
for the helium implanted silicon sample annealed at sooac (He 16B 1): mh 1, 
mh2, and mh3 curves represent 1st, 2nd, and 3rd Lorentzians respectively at 
high light intensity, mil, m12, and m13 curves represent 1 st, 2nd, and 3rd 
Lorentzians respectively at low light intensity. The solid lines are guides for 
the eye. 
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5.3.4.4- He16Dl 
The quadrature PCFRS measurement at different temperatures was performed on this 
helium implanted silicon sample annealed at 1000°C. The obtained quadrature PCFRS 
spectra in the temperature range 240-32SK is shown in figure 5.25. Again these spectra 
show a strong dependence upon temperature particularly at high temperatures. The PCFRS 
response for temperatures T>300K can be described by a single Lorentzian curve while the 
spectra at temperatures T~300K becomes broader than a single Lorentzian and can be 
described by theoretical curves representing a sum'oftwo Lorentzians. 
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Figure 5.25 Quadrature PCFRS spectra for the helium implanted silicon sample 
annealed at 1OOO°C at different temperatures for (a) high light intensity and 
(b) low light intensity. The dotted lines represent the theoretical fits. 
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In figure 5.26 we plot the peak frequency of the PCFRS response as a function of 
temperature (logfpxlOOOff) for high and low intensities. The evolution of the peak 
frequency of the PCFRS response shows a change in the slope occurs at temperature 
T=300K with two Lorentzian curves rather than one Lorentzian curve. 
105~------------------------~----------J 
101+-----~----_.----~,_----._----._----~ 
3.0 3.4 3.8 4.2 
lOooff -K' 
Figure 5.26 logfpxlOOOff for each of the Lorentzians that constitute the PCFRS spectra 
for the helium implanted silicon sample annealed at IOOQoC: nhl, and nh2 
curves represent 1st, and 2nd Lorentzians respectively at high light intensity, 
nIl,' and nl2 curves represent 1st, and 2nd Lorentzians respectively at low 
light intensity. The solid lines are guides for the eye. 
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Chapter 6 Analysis and Discussion 
6.1 - INTRODUCTION 
In this chapter we analyse, discuss and compare the results obtained from the PCFRS 
experiments performed on processed H+ implanted and He+ implanted silicon samples to 
investigate the influence of the implantation and the thermal processes on these materials 
by analysing the changes in the lifetime distribution to assess the properties of the samples. 
These materials implanted and processed at the University of Surrey were prepared under 
different conditions. The starting material (BSi) and the annealed bulk silicon samples 
were also measured. Table 4.1 gives the details of sample preparation. 
6.2 - INTRODUCTION TO ANALYSIS 
Excess carrier lifetime distribution measurements have been used to characterize the 
recombination centers in hydrogen and helium implanted silicon samples. In performing a 
PCFRS experiment the main parameter, other than the frequency, to be varied is the 
temperature. We evaluate the evolution of the PCFRS response with temperature. 
The result obtained directly from a PCFRS spectrum is the lifetime distribution in 
frequency domain. For a lifetime distribution described by a single Lorentzian the data 
analysis is straight forward and the value of the lifetime is obtained directly from the peak 
frequency. For more complex systems, where the PCFRS response is broader than a single 
Lorentzian curve, the analysis of the PCFRS response requires, in the first stage, a 
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deconvolution of the PCFRS spectra by using theoretical fitting curves to extract 
individual contributions to each distribution, i.e to identify the different Lorentzians; we 
then analyze each Lorentzian separately. 
The schematic representation of the log of the peak frequency of the PCFRS 
response as functions of temperature (see the plots in chapter 5) give information about the 
recombination kinetics. The flat regions of these curves occur for the high injection 
condition (low temperatures) while the regions showing an exponential dependence of the 
peak frequency upon temperature corresponds to low injection (high temperatures)- a 
transition from low to high injection levels as the temperature is decreased is expected in 
silicon due to carrier freeze-out[21]. 
We use only the data from the high temperature portion of these curves where the 
peak frequencies vary exponentially with temperature (low injection condition) which 
represent the activated region. The activation energies of the recombination centers can be 
obtained from the best fit of these temperature dependent data through Arrhenius plot 
{In(fpIT2)x 10001T} (see Appendix 1). 
In most cases, more than one recombination center is responsible for the actual 
values of lifetime presented in Si. The equation (3.16) of lifetime can be easily extended to 
the case of multiple trap levels, if the different levels belong to physically different 
defects. 
6.3 - BULK SILICON SAMPLE 
Variable parameters in the PCFRS measurements are light intensity and temperature. 
It is evidenced by a broader PCFRS response and a strong temperature dependence 
that this sample nas a high density of defects. Also, the evolution of the peak frequency of 
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the PCFRS response with temperature suggests a lifetime distribution and carrier kinetics 
dominated by a mUltiple trapping process. 
The PCFRS measurements were performed for this sample in the temperature range 
115-315K. The experiments were performed at two intensities: 135, 840A.U. For each 
intensity, PCFRS spectra were obtained at various temperatures. 
The evolution of the peak frequency of the PCFRS response with reciprocal 
temperature for different intensities is shown in figure 5.6. It shows two distinct trends, 
with a changeover temperature at 280K. The range 230-315K, for a fixed excitation 
intensity, is characterized by a strong dependence of the peak frequency upon temperature 
while at lower temperatures (below 230K) it is roughly constant. This behaviour 
characterizes a system where a multiple trapping process dominates the carrier kinetics. 
The activation energy of the trapping center is obtained from an Arrhenius plot of 
the peak frequencies intensities as shown in figure 6.1. An activation energy for the trap of 
(250±35)me V is obtained. This energy level could be either related to boron since the 
starting material is p-type bulk silicon doped with boron, or to aluminium interstitial 
atoms. 
It seems that the activation energy we have obtained is very close to that Beille-Daspet 
has obtained [106] for a similar sample. 
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Figure 6.1 Arrhenius plot for the peak. frequency of the PCFRS response for the bulk silicon 
silicon sample (BSi). An activation energy of (250±35)me V was obtained. The 
solid line is the weighted least squares fit to the data. 
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6.4 - ANNEALED BULK SILICON SAMPLES 
For these samples the width of the quadrature PCFRS peak shows a strong 
temperature dependence with a broadening and a shift of the peak frequency of the spectra 
as the measurement temperature is reduced (figures 5.7 and 5.9). This behaviour is 
characteristic of lifetime distributions dominated by multiple trapping [71]. 
Indeed, when the time that the carriers are held in the traps ('ta) is longer than both 
the recombination lifetime ('tR) and the time the carriers are free before being trapped ('tT) 
the photoconductivity decay is trap dominated. When a sample contains a small trap 
concentration then 'tR will be shorter than 'tT, which ensures that only a minor fraction of 
the electrons are trapped so that retrapping is unlikely. However, the time the electron 
spends in the trap is long enough to impede the decay. This situation is referred to as a 
single trapping process [102]. 
The Arrhenius plots of the peak frequencies obtained from the annealed bulk silicon 
samples ABSiAI (700°C) and ABSiDI (lOOO°C) are shown in figures 6.2 and 6.3, 
respectively. We have identified an activation energy: Ea = 180±65meV of a defect for the 
sample ABSiAl, which can be attributed to some doping-vacancy complex and an 
activation energy: Ea = 285±60me V for the dominant defect for the sample ABSiD 1. 
The effective recombination centers appear to depend on the initial characteristics of 
the samples, i.e. type, resistivity, dopant and content or residual impurities such as oxygen 
and dislocations which are arising as a result of different crystal growth techniques [106]. 
The energy level obtained from the sample (ABSiAl) which could be divacancies [106], 
while the deepest level obtained from the sample (ABSiDl) may be attributed to oxygen 
and/or doping impurity, boron or aluminium. 
However, t~Arrhenius curves for the BSi, ABSiAI, and ABSiDI are summarized in 
figure 6.4. It shows that the Arrhenius curve for the ABSiD 1 could be a complement with 
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that of ABSiAl, which means thet they have nearly the same slope, then same activation 
energy. Therefore, we may conclude that they are representing the same defect. 
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Figure 6.2 Arrhenius plot for the peak frequency of the PCFRS response for the annealed 
bulk silicon sample (ABSiAl). An activation energy of (180±65)meV was 
obtained. The solid line is the weighted least squares fit to the data. 
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Figure 6.3 Arrhenius plot for the peak frequency of the PC:PRS response for the annealed 
bulk silicon sample (ABSiDl). An activation energy of (285±60)meV was 
obtained. The solid line is the weighted least squares fit to the data. 
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Figure 6.4 Arrhenius curves from the samples: unprocessed bulk silicon (BSi), annealed 
bulk silicon at 700°C (ABSiAl), and annealed bulk silicon at lOOQoC 
(ABSiDl). The solid lines are the weighted least squares fit to the data. 
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6.5 - HYDROGEN IMPLANTED/ANNEALED SILICON SAMPLES 
Figures 5.11, 5.13, 5.15, and 5.17 show the quadrature spectra for the hydrogen 
implanted/annealed silicon samples before and after annealing, illustrating the 
development of the spectra with temperature. The temperature at which these spectra were 
taken is indicated on the plots. The experiments were performed at two different 
intensities: 135, and 840A.U. For each intensity, PCFRS spectra were obtained at various 
temperatures. 
The as -implanted and the implanted/annealed at 1000°C samples show a similar 
behaviour, with a lifetime distribution being dominated by multiple trapping, while the 
sample implanted and annealed at 700°C shows a temperature invariant PCFRS signal 
(peak) centered on a frequency of about 40kHz. Indeed, the lifetime distribution obtained 
after implanting and annealing at 700°C is dominated by a single trapping process, where 
the trap concentration is low. In this case the carrier recombination lifetime can be 
calculated being, 'tR=(21tfp>-1, where fp is the high frequency peak, which is approximately 
constant. A value of 'tR=5Ils has been determined for this sample. 
Comparison of the PCFRS results obtained from all the samples suggests that H+ 
implantation followed by a low temperature anneal reduces the number of defects present 
in the bulk silicon. A quantitative analysis of the data is presented here with the activation 
energies obtained for all the samples. 
For the hydrogen as-implanted sample (HAS 116), in the temperature range 280-
335K, the experimental data are strongly dependent upon temperature and are weakly 
dependent otherwise (figure 5.11). The changeover temperature occurs at 295K. This 
behaviour is characteristic of carrier kinetics dominated by multiple trapping process. 
The Arrhenius plot of the peak frequencies obtained for this sample is shown in 
figure 6.5. We have identified an activation energy: Ea = 540±65meV. The deep level 
defects have acfuallY been introduced by the hydrogen-ion implantation. This level is 
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ascribed to the damage caused by implanting high energy hydrogen ions into the silicon. 
The implanted area may be not uniform (both crystalline and amorphous regions are 
present) and contains a large density of defects [10][73]. These defects may be responsible 
for creating the 540±65me V energy level. 
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Figure 6.5 Arrhenius plot for the peak frequency of the PCFRS response for the hydrogen 
as-implanted silicon sample (HAS 116). An activation energy of (540±65)me V 
was obtained. The solid line is the weighted least squares fit to the data. 
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For the hydrogen implanted silicon sample annealed at 700°C (H116Al), The 
Arrhenius plot of the peak frequencies is shown in figure 6.6 and we have obtained an 
activation energy of the trapping centre Eal=325±45me V. 
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Figure 6.6 Arrhenius plot for the peak frequency of the PCFRS response for the 
hydrogen implanted silicon sample annealed at 700°C (Hl16Al). The solid 
line is the weighted least squares fit to the data. 
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The Arrhenius plot of the peak frequency of the first Lorentzian for the hydrogen 
implanted silicon sample annealed at 800DC (H116Bl) is shown in figure 6.7. We have 
identified an activation energy Eal=320±70meV. 
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Figure 6.7 Arrhenius plot for the peak frequency of the PCFRS response for the 
hydrogen implanted silicon sample annealed at 800DC (H 116B 1). The solid line 
is the'weighted least squares fit to the data. 
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For the hydrogen implanted silicon sample annealed at lOOO°C (Hl16Dl), an 
activation energy Ea2=630±6OmeV can be obtained from the Arrhenius plot of the peak 
frequency of the second Lorentzian, as shown in figure 6.8. 
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Figure 6.8 Arrhenius plot for the peak frequency of the PCFRS response for the 
hydrogen implanted silicon sample annealed at lOOO°C (Hl16Dl). The solid 
line is the weighted least squares fit to the data. 
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The obtained results for the hydrogen-implanted silicon samples that have undergone 
thermal treatment can be explained in terms of the known properties of hydrogen in silicon 
[27J and its behaviour during implantation and annealing. After implantation the hydrogen 
ions are distributed over the near-surface region with a depth 91-Jlm. After annealing at 
700-1000°C, a part of the implantation-induced defects at shallow and deep levels are 
annealed, and hydrogen released from traps, the released hydrogen is redistributed and 
penetrates deeper into the crystal. The released mobile hydrogen interacts with defects and 
impurities present in the crystal, this leads to the passivation of defects. 
We have obtained nearly the same activation energy of defect levels for the 
hydrogen implanted silicon samples annealed at 700°C (HI16Al) and 800°C (H116B 1), 
suggesting a possiblity of same defect exist in both samples. These levels could be 
associated with the interaction between hydrogen and the implantation damage. On the 
other hand, the traps we found could be due either to interfacial states produced by 
aluminium evaporation or to H-ion implantation and subsequent annealing treatments [67J. 
As the heat treatment proceeds to lOOO°C (sample H116Dl), an activation level at 
(630±60)meV has been found. We may conclude that subsequent annealing of the sample 
at higher temperature (1 OOO°C) causes a partial reappearance of the defects and ascribed to 
the breaking of the hydrogen-defect bond [27]. This leads to similar behaviour of 
H 116D 1 and HAS 116 and evidenced from the closed values of their activation energy 
levels or slope of Arrhenius curves shown in figure 6.9 which summarizes the Arrhenius 
curves obtained from all the hydrogen implanted silicon samples. 
These values of activation energy levels are in good agreement with the results 
obtained by [67][I1O][111J. 
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Figure 6.9 Arrhenius curves from the hydrogen-implanted silicon samples: as-implanted 
(HAS 116), annealed at 700°C (H116Al), annealed at 800°C (H116Bl), and 
annealed at lOOO°C (Hl16Dl). The solid lines are the weighted least squares 
fit to' the data. 
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6.6 - HELIUM IMPLANTED/ANNEALED SILICON SAMPLES 
We have measured the carrier lifetime distributions for helium implanted/annealed 
silicon samples: as-implanted, annealed at 700°C, 800°C, and 1000°C. 
For the helium as-implanted silicon sample the PCFRS spectra were obtained at 
various temperatures 240-320K (figure 5.19). The logfp xlO00rr plot (figure 5.20) shows 
that the PCFRS response is mainly determined by the peaked Lorentzian with a constant 
peak frequency and the recombination lifetime can be calculated fp = [(21t'tR)-1), which 
gives a lifetime 7.95J.1s which is weakly dependent upon temperature. At temperatures 
T <295K the data were fitted assuming theoretical curves representing the sum of two 
Lorentzians. The evolution of peak frequency for the first Lorentzian is constant with 
temperature which represents the continuous behaviour of that at temperatures T>295K, 
while the peak frequency for the second Lorentzian decreases as the temperature decreases. 
This indicates that single trapping is the dominant process with the existence of another 
process taking place at the same time. 
This is the case here where 'tT>'to>'tR and the lifetime distribution and carrier kinetics are 
determined by the recombination of carriers through deep levels. 
An activation energy of the trapping center of (835±60)me V was obtained from the 
Arrhenius plot of the peak frequencies (figure 6.10). In their interpretation of carrier 
recombination lifetime, Bullis et al. [112] have related such a value of activation energy to 
iron-boron pair acceptor defect centers in p-type silicon. 
As a consequence of helium-ion implantation, a high concentration of helium 
bubbles in silicon may be formed [77), and the large concentrations of point defects and 
helium atoms then give rise to a large amount of traps; these traps act as nuclei for the 
bubble formation [86]. 
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Figure 6.10 Arrhenius plot for the peak: frequency of the second Lorentzian which 
compose the PCFRS response for the helium as-implanted silicon sample 
(HeAS 16). The solid line is the weighted least squares fit to the data. 
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The quadrature PCFRS response for the helium implanted silicon sample annealed at 
700°C (He16Al) at different temperatures 235-320K is shown in figure 5.21. In the range 
290-3 10K the PCFRS distribution is characterised by a single time constant. This sample 
shows a strong dependence upon temperature. For temperatures T<290K the PCFRS 
spectra becomes broader and fitted with two Lorentzians. The evolution of the peak 
frequency of the PCFRS response with 10D01f shows two distinct trends, with a 
changeover temperature at 290K (figure 5.22). The range 290-3 10K, for a fixed excitation 
intensity, is characterised by a strong dependence of the peak frequency upon temperature 
while at lower temperatures( <290K) it is roughly constant. This behaviour characterises a 
system where a multiple trapping process dominates the carrier kinetics [21][71]. An 
activation energy of (590±95)meV was identified (figure 6.11) for this center. 
During the thermal processes that follow ion implantation in silicon, helium diffuses 
through the silicon crystal and eventually evaporates from the surface [8]. The helium 
leaves empty voids in the silicon crystal. Voids can be considered as particles moving with 
their own diffusivity inside the crystal. All the collisions between voids are anelastic, 
meaning that they join with each other and collapse forming a larger void [9]. Therefore, 
the void density decreases while the void diameter increases by increasing the annealing 
temperature. At higher annealing temperatures, the thickness of the void layer shrinks due 
to the decrease of the void density[9][86]. These voids which can act as impurity gettering 
centers, are embedded inside a good quality crystalline material. 
The logfp xlOOOrr plot (figure 5.24) obtained from the helium implanted silicon 
sample annealed at 800°C (He16Bl) shows that in the temperatures range 310-320K the 
PCFRS response is mainly determined by a high frequency peaked Lorentzian with a 
constant peak frequency and the recombination lifetime can be calculated fp = [(21t'tR)-1] 
[71], which gives a lifetime of 4~s which is weakly dependent upon temperature. This 
shorter value of lifetime found here is attributed mainly to surface recombination and the 
sample geometry used when performing a PCFRS experiment. At lower temperatures 240-
310K the PCFRS response becomes broader, with its peak frequency showing a strong 
dependence upori temperature. The evolution of peak frequency for the first Lorentzian is 
constant with temperatures T>31OK, while the evolution of the peak frequencies for the 
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second and third Lorentzians decreases as the temperature decreases and becomes roughly 
constant for T <260K. This behaviour indicates that the carrier kinetics are determined by 
the multiple trapping process [17] [71] with the existence of another process taking place 
at the same time, this process is the recombination through deep levels. 
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Figure 6.11 Arrhenius plot for the peak frequency of the first Lorentzian which compose 
the PCFRS response for the helium implanted silicon sample annealed at 700 
°C (He16Al). The solid line is the weighted least squares fit to the data. 
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Two activation energies for the trapping centers can be obtained from the Arrhenius 
plot of the peak frequencies of the second and third Lorentzians as shown in figure 6.12: 
(550±75)meV and (671±75)meV. 
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Figure 6.12 Arrhenius plot for the peak frequency of the Lorentzians which compose the 
PCFRS response for the helium implanted silicon sample annealed at 800°C 
(He16B 1). The solid lines are the weighted least squares fit to the data. 
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The logfp xl000rr plot obtained from the helium implanted silicon sample annealed 
at lOOO°C (HeI6Dl) is illustrated in figure 5.25. It shows a strong dependence of the peak 
frequency upon temperature for T>300K, while at lower temperatures T<300K shows 
weak dependence upon temperature. This behaviour is characteristic of carrier kinetics 
dominated by a multiple trapping process [21][71], indicates a transition from low 
injection (high temperatures) to high injection (low temperatures) conditions, possibly due 
to carrier freezeout. The Arrhenius plot for the peak frequencies obtained at high 
temperatures is shown in figure 6.13. We have identified an activation energy of (500± 
50)meV. 
We have obtained an activation energy of (500±50)meV for the He-implanted silicon 
sample annealed at lOOO°C. Raineri et al. [86] obtained similar values of (510±85)meV 
although using a different technique. They did not justify the determined activation 
energy, but they remarked that self-interstitials have an activation energy of -500meV and 
these interstitials are certainly produced in large amounts. 
Processing at temperatures up to 1000°C causes a release of the trapped metal 
atoms[86J. The deep activation energies obtained from all the helium implanted silicon 
samples may be associated with the existence of heavy metal impurities. 
The obtained activation energies of 500-670me V are quite close to the reported 
electrostatically driven iron-boron pair binding energy of 520-580meV [107]. Iron is one 
of the most frequent contaminants in silicon. The presence of the iron can be definitely 
identified in boron-doped silicon wafers even if the effect of other recombination centers 
on the recombination lifetime cannot be neglected. 
Further work has to be done to determine the effect of the evolution of voids at 
different annealing temperatures and He doses on the lifetime distribution and the 
recombination kinetics. 
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Figure 6.13 Arrhenius plot for the peak frequency of the first Lorentzian which compose 
the PCFRS response for the helium implanted silicon sample annealed at 1000 
°C (He16D1). The solid line is the weighted least squares fit to the data. 
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Figure 6.14 summarizes the Arrhenius curves obtained from all the helium implanted 
silicon samples. From the very close values of slopes (figure 6.14) and so the evaluated 
activation energies for the samples; He16A1, He16B1, and He16D1, we may conclude that 
the origin of these levels is one defect type. 
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Figure 6.14 Arrhenius curves from all the helium-implanted silicon samples: as-implanted 
(HeAS16), annealed at 7000 e (He16A1), annealed at 8000 e (HeI6Bl), and 
annealed at 10000e (HeI6A1). The solid lines are the weighted least squares 
fit to the data. 
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6.7 - SUMMARY 
In our discussion of the results obtained from all the measured samples, we have 
avoided in general attempting any particular labelling of defects with the observed 
activation energies. There are a lot of contaminants that can be introduced during the 
different process steps, and several of these contaminants may give rise to nearly the same 
energy levels. 
The value of an energy level by itself is not sufficient to identify the type of defect. 
In our technique we believe we may be able to use the total lifetime spectra and its 
evolution with temperature in addition to the activation energy as a more complete 
signature of a particular defects. Certainly this will need a lot of work to collect the 
required data on samples intentionally contaminated and then using this data as a reference 
to identify the contaminant. 
The energy levels origin present in unprocessed bulk silicon and annealed bulk 
silicon are not seen in the processed samples. This suggests that hydrogen-ion or helium-
ion implantation cleans up these impurities or defects, and other defects which are 
introduced or revealed during the processing eventually dominate. 
The formation and annealing of buried damage layers in hydrogen-implanted and 
helium-implanted p-type silicon has been studied by analysing the excess carrier lifetime 
distributions through the utilization of the PCFRS technique. Post implantation annealing 
was conducted at temperatures up to lOOO°C. The results show a strong temperature 
dependence which means that defect production and hydrogen trapping in the damage zone 
depends on the post implantation annealing temperatures. 
In this summary we compare the results obtained from the H+ implanted and He+ 
implanted silicon samples prepared at the University of Surrey (UOS) to evaluate the 
influence of implantation and thermal processes on the quality of these samples. We also 
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compare the results for the activation energies obtained from all the samples as (figure 
6.15). Table 6.1 summarizes the main results obtained from all our samples. 
We have observed the evolution of deep levels associated with implantation of 
hydrogen and helium and the subsequent annealing treatments. 
To the best of our knowledge, none of the levels observed in the literature have been 
ascribed for certain, even if many reasonable attributions have been attempted [113]-[115]. 
Moreover, the number of electrical studies carried out on hydrogen-implanted or heIium-
implanted silicon is too small to allow a meaningful direct comparison of literature data 
with our results at this stage. 
We present in table 6.2 some of the results available in the literature for samples 
similar to ours and measured using different techniques. 
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RESDUAL 
DOMINANT 
SAMPLE CARRIER KINETICS 
ACnVATION ENERGY 
OF DOMINANT TRAPS 
Bulk Si BSi multiple trapping 250+35meV 
0 
single trapping ABSiAl (700 C) l80+65meV 
Annealed 
0 
multiple trapping Bulk Si ABSiDl (1000 C) 285+60meV 
HAS-16 
multiple trapping 
(As-Implanted) 
540+65meV 
+ 
H -Implanted 
(700 ~) recombination through deep levels Si H1l6Al & multiple trapping 325+45meV 
Hl16Bl (800 ~) single trapping 320+70meV 
0 
single trapping H1l6Dl (1000 C) 630+60meV 
HeAS16 recombination through deep levels 835+60meV 
+ (As-Implanted) & multiple trapping He -Implanted 
(700 ~) Si He16Al multiple trapping 590+95meV 
(800 ~) recombination through deep levels 550+75meV He16Bl & multiple trapping 670+75meV 
0 
multiple trapping He16Dl (1000 C) 500+50meV 
Table 6.1 - Summary of the main results obtained from all samples. 
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Reference Sample Activation Technique 
Energy used 
[86] He-implanted 5lOmeV Transmission Electron 
silicon Microscopy (TEM) 
(void diffusivity) 
[110] H-implanted 520meV Deep Level 
silicon 360meV Spectroscopy (DL TS) 
230meV 
[111] H-implanted 590meV Deep Level 
silicon Spectroscopy (DLTS) 
[67] H-implanted 670meV Deep Level 
silicon 330meV Spectroscopy (DL TS) 
[106] P-type silicon 200meV Photoconductivity 
240meV decay method 
270meV 
[117] p-type silicon 550meV Microwave and light -induced 
270meV absorbtion technique 
Table 6.2 A list of activation energies for bulk p-type silicon, hydrogen-implanted silicon 
and helium-implanted silicon available in the literature for samples similar to 
ours and measured using different techniques. 
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Figure 6.15 Arrhenius curves btained from all the measured samples: unprocessed bulk 
silicon (BSi), annealed bulk silicon at 7000 e (ABSiAl), and at lOOOoe 
(ABSID1), hydrogen as-implanted silicon (HASI16), hydrogen implanted 
silicon annealed at 7000 e (H1l6Al), at 800ae (H116Bl), and at lOOOoe 
(H 116D l), helium as-implanted silicon (HeAS 16), helium implanted silicon 
annealed at 7000 e (HeI6Al), at 8000 e (HeI6Bl), and at lOOOoe (HeI6Dl). 
The solid line is the weighted least squares fit to the data. 
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Chapter 7 - Conclusions andfuture work 
7.1- CONCLUSIONS 
The photoconductive Frequency Resolved Spectroscopy (PCFRS) technique has 
been used in this work to measure the excess carrier lifetime distributions and carrier 
recombination kinetics in hydrogen-implanted and helium-implanted silicon. We have 
shown that photoconductive frequency resolved spectroscopy is a valuable technique for 
revealing the underlying complexity of the excess carrier lifetime distributions found even 
in commercial device grade silicon substrates. This technique allows us to follow in detail 
the evolution of the lifetime distribution with processing, in this case the use of H+ or He+ 
ion implantation and subsequent thermal annealing to provide proximity gettering of heavy 
metal impurities. 
Temperature dependent PCFRS measurements reveal that the excess carrier 
distribution in the starting material is strongly thermally activated showing the presence of 
extensive carrier trapping on defect sites in the starting material. In silicon material that 
has undergone H+ or He+ implantation and subsequent thermal annealing at 700°C the 
carrier lifetime distribution is seen to be much simpler and indeed can be fitted, at room 
temperature, with a single Lorentzian corresponding to a single carrier recombination 
process, rather than a trapping process, which is characterised by an excess carrier lifetime 
of 5Jls. Higher temperature 1000°C anneals are found to introduce additional trapping 
centers. 
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From these results we conclude that the presence of lattice defects due to the H+ or 
He+ ion implantation and annealing has achieved significant gettering of the electrically 
active impurities in the starting material (i.e. has removed states from the gap). 
The experimental results indicated a lifetime distribution dominated by a multiple 
trapping processes. The experimental results show a similarity in the temperature 
dependence of the PCFRS response obtained from both sets of samples indicating that they 
act similarly. 
7.2 - FUTURE WORK 
We recommend future work to measure more H+ or He+ implanted samples prepared 
with different implantation and annealing conditions: dose, energy, temperature, time and 
ambient in order to give a more complete picture on the influence of such kinds of ion 
implantation process. With the interpretation and the detailed knowledge of the excess 
carrier lifetime distributions not only the occurrence of defects can be established but a 
novel method for detecting the type of defects on the basis of "a fingerprint" of the 
lifetime map distribution may be possible. 
In order to verify our analysis of Auger recombination, we would recommend a 
study on samples of small-gap semiconductor or a heavily doped semiconductor since the 
Auger recombination process is the dominant process in such semiconductors. 
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Appendix 1 
Energy Level Analysis of Defects in Silicon Material 
It has been suggested in the literature that the temperature dependence of the carrier 
recombination lifetime can be used to determine the activation energy of the defect center 
[ 118]. 
Photoconductive Frequency Resolved Spectroscopy (PCFRS) based on the measure 
of the excess carrier lifetime distribution as a function of temperature has been developed 
and applied to identify energy levels in silicon samples (bulk silicon, annealed bulk silicon, 
hydrogen-implanted and helium-implanted silicon). The energy levels related to defects or 
impurities in p-type silicon have been obtained on these samples. 
PCFRS analyses the recombination processes of excess carriers generated by 
illumination. 
Arrhenius plots can be obtained from the evolution of peak frequency of the 
deconvoluted lifetime distribution with temperature (Lorentzians). 
The effect of the energy level of the recombination center upon temperature 
dependence of the lifetime can be modelled with the following Schockley-Read-Hall 
(S.R.H.) theoretical formulae [100][101]. Limiting ourselves to a single recombination 
center, the basic relation for the lifetime at any injection level, assuming steady state 
conditions and charge neutrality (6n=6p) is given by [100]: 
'tpO(nO+nl+ 6n) + 'tno <po+ pl +6n) 
'tn = 'tp = ( no + po + 6n ) (AI) 
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where 'tno and 'tpo are the time constants for capture of an electron in an empty defect 
center and of a hole in a filled defect center, respectively; no and Po are the equilibrium 
densities of electrons and holes, respectively; ~n and ~p are the excess electron and hole 
densities, respectively, and ni and PI are the densities of electrons and holes, respectively, 
related to the energy level of the actual recombination center as: 
nl = Ne exp[-(Ec - Er)/ kT] and pI = Nv exp[-(Er - Ev) / kT] (A2) 
where Ne and Ny are the effective densities of states in the conduction and valence bands, 
respectively, ET is the energy level(s) specifically related to the defects, and Ee and Ey are 
the energies of the conduction and valence band edges, respectively. 
The time constants 'tno and 'tpo are directly related to the properties of the defect 
center as follows [100][102] 
'tno = NrC'JnVth and 'tpo = NrC'JpVth (A3) 
where NT is the density of the defect centers, an and a p are the capture cross sections for 
electrons and holes, respectively, and 'Uth is the average thermal velocity of the carrier. 
In the case of low injection limit ~n is much smaller than the equilibrium majority 
carrier density and can be neglected. In this case eqn. (AI) reduces to the low-injection 
recombination lifetime, 'to 
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(A4) 
Thus, in p-type silicon (po»no)' and assuming Pl»po»nb Po= N A one can reduce eqn. 
(A4) to 
Nv [(ET-Ev)] 
'to = 'tno po exp - kT (A5) 
when single trapping is the main process taking place, then the recombination 
lifetime can be obtained directly from the peak position (frequency) of the lifetime 
distribution in frequency domain, can be described by a single Lorentzian [7][21] 
'to = 
1 
21tfp (A6) 
using the fact that Nv is proportional to T-312 and 'Uth is proportional to T-112 [119][120], 
then may write 
(A7) 
and 
(A8) 
137 
where B is a proportionality constant. 
(A9) 
Plotting [In(fp/T2) vs lOOOjT] represent the Arrhenius plot, and from the Arrhenius 
plot slope we can obtain the activation energy ETo 
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